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NOMENCLATURE 

A Cross-sectional area duct  or a constant Po Output pressure ,  n e t  

A 1  

A3 
A2 Constants defined where used 

Q Flow i n  duct 

R Electrical  r e s i s t ance  

B i  3.19 I/zd Rc Coi l  r e s i s t ance  

B, Average Flux dens i ty  Q Resistance f l u i d  i n  duc t  

C Permeance constant  R'd Defined where used 

C 1  Constant defined where used R e  Resistance of duct  o u t l e t  
header 

f 2 o r  Hydraulic diameter 
Rf Resistance of f r ing ing  

cu r ren t  path 
I Current 

Id  Current i n  the f l u i d  d i r e c t l y  between header 
R p  Resistance of duct o u t l e t  

Ro Resistance of duct inlet 
electrodes 

If Fringing cur ren t  header 

I, Imaginary p a r t  of a complex conjugate R t  Resistance of duct  w a l l s  

I t  

K 

L 

M 

Mc 

NH 

NR 

P 

P '  

'd 

Current i n  the duct  w a l l s  

Velocity he ads 

Length 

Magnetomotive force  

Tota l  mmf produced by exc i t i ng  c o i l  

Hartmann N u m b e r  

Reynolds N u m b e r  

Pressure l o s s  or developed pressure 

Defined where used 

Pressure drop i n  duct 

Fy Total  pressure  l o s s  

P Pressure l o s s ,  viscous 

PTr Pressure drop i n  t r a n s i t i o n  sect ion 

R e  

V 

W i  

WO 

X 

R e a l  p a r t  of a complex 
con juga te  

Vo 1 t age 

Voltage across  duct f l u i d  

Back emf 

Volts per tu rn  

Power 

Input Power 

Hydraulic output  power 

Defined where used or 
d i s t ance  along X a x i s  
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NOMENCLATURE - CONT'D 

Duct dimensions 

Duct dimension o r  e l ec t rode  
length along duct  

Mean duc t  d iameter  o r  gap 
be tween magnet po les  

Frequency or fo rce  

Hydraulic drag on duct  f l u i d  

Tota l  a i r  or  non-magnetic gap 
or g r a v i t a t i o n a l  constant  

Ve loc i ty  head 

c 
Current densi ty  

Current densi ty  i n  duc t  w a l l s  

Current densi ty  i n  duct  f l u i d  

Ef fec t ive  duct length  

Duct w a l l  thickness 

F lu id  ve loc i ty  

Average f h i d  v e l o c i t y  

Synchronous ve loc i ty  

2 f  

x , ~ z  Rectangular coordinate  s y s t e m  

e Log base e 2.72 

-X- 

Constant 

.1915 vC/p o r  cons tan t  

Constant 

F r i c t i o n  f a c t o r  

Ef f ic iency  

Flu id  v i s c o s i t y  o r  perme- 
a b i l i t y  of a i r  gap 

3.1416 

E l e c t r i c a l  r e s i s t i v i t y  

Electrical  r e s i s t i v i t y  
duc t  w a l l s  

E l e c t r i c a l  r e s i s t i v i t y ,  
duc t  f l u i d  

Fluid dens i ty  

Constant 

Magnetic f l u x  i n  core  a t  
d i s t ance  x from duct  i n l e t  

Reactive power 

P.F. Power Factor 



I. SUMMARY 

The Spce  Power and Propulsion Section of the General Electric Compcuw 

has been under castract  t o  the National Aeronautics and m c e  Administration 

since June 27, 1963 fo r  the performance of a research pr- t o  study electro- 

lnagnetic pumps f o r  application t o  Spce  Electric Pmer Plants. 

This is the Third Quarterly Report fo r  the program, covering the period 

from December 27, 1963 t o  bkrch 27, 1%. The total program will include three 

principle phases. 

and will include manufacture and test of the best selections from Phase I, The 

Phase I is primarily analytical ,  Pbase I1 is experimental 

final phrae will evaluate the resu l t s  of the first two phases. 

is estimated t o  require about t h i r t y  months t o  complete. 

portion which is of primary in te res t  here was al lot ted twelve months plus t h i r t y  

days fo r  f i n a l  reporting. 

The en t i re  program 

However, the  Phase I 

The objectives of Phase I of the program are  t o  determine the f eas ib i l i t y  

of using EM pumps in Space Electric Power Plants, establish the bases fo r  selecting 

pumps fo r  specific application, establish the bases fo r  design of EM pumps 

applicable t o  space power plants, select pumps for  construction and t e s t  and 

establ ish a t e s t  program for the selected pumps. 

During the past quarter the most significant developuents were: 

2) Indication that the new design approach being developed 

by this program w i l l  produce pumps with ab& 1/10 the  

weight of previous p p s .  (See Figure C-1. ) 
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b )  Developnent of a single phase induction pump psrt icular ly  

well suited t o  the high temperature primary coolant 

application (Figure 0-4 

c )  Indication that a boi ler  feed EM pump f o r  the  turbo- 

e lectr ic  power plant could be ccmpt i t ive  i n  w e i g h t  w i t h  

a canned motor - jet injector pump for  the same application 

(Figure 0-5 ) 

Continuing the review of basic EM pump types snd identifying t h e i r  character- 

i s t i c s  produced some qualitative informstion on the thermoelectromtagnetic pump. 

This pump provides the simplicity of the D,C. conduction pump while eliminating 

the  power supply problems of the D,C, pump. Hawever, start up may be a problem 

and low efficiency of thermoelectric elements requires high heat flows and may 

lead t o  high weight . 
Quantitative selection procedures were fur ther  developed. A general analysis 

of pump duct hydraulic pressure drop was ca3mglcted. 

the resu l t s  of the  analysis w a s  made re lat ing hydraulic f r i c t ion  factor t o  the  

Hartmann b b e r  as w e l l  as t o  the Reynolds Number. 

density @ f lu id  r e s i s t i v i ty  a re  included. 

reb t ionships  planned for  pump $election and design work under the present study. 

A graphical presentation of 

Thus the  effects  of f lux 

T h i s  i s  the hst of the  general 

/ 

Anal&ical methods specifically applicable t o  D-C conduction pump design 

and performance prediction were developed. 

magnetic Ma the permanent magnet machines, 

The analyses cover both the electro- 

b 

-2- 
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Methods were developed for  design and analysis of the  single phase induction 

pump. 

were used wherever applicable. 

To a great extent t h i s  was original work, although the  suggestions of Watt (15 1 

Further basic information required t o  support actual  pump designs w a s  

accumulated and evaluated. 

e lec t r ic  properties of gases were among these items. 

pump types was surveyed. . The results were tabulated in  a chart which indicated 

the single phase induction pump t o  be most re l iable .  

Characteristics of sof t  magnetic materials and d i -  

Rel iabi l i ty  of the various 

Order nf ma&tude wihes fgr p n ~  ::eights wcre cbtaiiied. A l i s t  of E4 

pumps produced and operatedamthe past t en  years w a s  prepared showing some of 

the i r  characterist ics.  

preliminary pump designs already produced by t h i s  program. 

an order of magnitude improvement appears possible. 

These pumps were compared i n  specific weight t o  the  

As mentioned ea r l i e r  

More detailed weight information was developed,for comparison and evaluation 

of the  various pump types in  the s ix  specific applications selected f o r  t h i s  

program. 

were determined. 

Effects on weight of pump cooling, power factor,  and power conditioning 

Much of the above information as w e l l  as tha t  presented i n  earlier progress 

reports w a s  used t o  prepare a design of a D-C conduction pump f o r  the condensate 

boost application. 

Quarterly R e p o r t  No. 2 for the-same application, the D.C. pump looked most .- 

a t t rac t ive  on a pumping system w e i g h t  basis. 

Compared t o  the hel ical  induction pump presented in  

-3- 



Similarly, a single phase induction pump design w a s  i n i t i a t ed  f o r  service 

Preliminary design work i n  the thermionic system primary coolant application. 

has progressed suff icdeqt3.y Jto$ peimit Bbt&mafBon of te,b&htliand eff icbency, both 

of which are attractive,  v’, , , l l . j : , c  ) I ’  O I  # [ > I -  4 1 r , I ,  ):. 

One other pump design was prepared. Primarily as a t e s t  of how competitive 

the EM pump is r e b t i v e  t o  canned motor pumps, a he l ica l  induction pump f o r  

boi ler  feed application was  designed. 

a canned motor pump f o r  a similar application. 

weight 

Results of the  design were compared w i t h  

The EM pump’ i s  competitive i n  

The above resul ts  strongly suggests that fur ther  development of the EM 

Plans for  the Phase I1 work already begun i n  the second pump is  warranted. 

quarter were carried further i n  t h i s  quarter. 

pump manufacture and t e s t  was prepared. 

A preliminary schedule of Phase 11 

It was based on two pumps. 

Phase I schedule was again modified. The primary cause was the contractual 

change which exbeaddd the exid dBte;to August 3, 1e.1 h the lover-all 

view, the  program is now on schedule, 

must be done next quarter i n  f inal iz ing and sumarizing the  selection of pump 

I 

However, t o  maintain the  schedule, much work 

types. Materials choices must be finalized and a large number of preliminary 

pump designs must be made. 

I 
1 
I 

-4- 
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INTRQDWTION 

Unti l  recently the use of electromagnetic pumps i n  space power plants 

using l iquid metal working f lu ids  had been generally considered unacceptable 

from a weight penalty standpoint. However i n  considering the r e l i a b i l i t y  

problems associated with other pumping methods, it appeared that a larger 

weight penalty might be accepted i n  order t o  gain t h e  high r e l i a b i l i t y  attainable 

with EM pumps. 

In order t o  thoroughly evaluate the Use of EM pumps i n  space power application, 

NASA established the  Electromagnetic A l k a l i  Metal Pump Research Program. 

The program w a s  divided in to  tnree phases as Toiiowst 

Phase I - Analytical phase consisting of (a)  Evaluation of 

EM pumps f o r  use in space power systems i n  both 

circulating and condensate boost applications, 

(b)  Development of analyt ical  methods t o  predict 

performance and t o  define optimum design, ( c )  

Analytical methods f o r  scaling EM pumps t o  meet 

future requirements, (d)  Recommendations on the  

selection of one or  more EM pumps fo r  tes t ,  and 

(e)  Definition of an EM pump test program. 

Phase I1 - Experimental phase consisting of (a)  Detailed 

design of selected pumps f o r  t e s t  purposes, 

(b )  Manufacture of the test  p p s ,  ( c )  Design 

and manufacture of a suitable ins ta l la t ion  f o r  

-5- 



t es t ing  the pumps, and (d)  Performance of the 

t e s t  work and gathering and evaluation of the  

required data . 
Phase I11 - Evaluation phase whereby an overall  evaluation of 

EM pump performance and l imitations w i l l  be presented 

a~ the f ina l  resul t  of the program, 

Contract IUS 3-2543 is f o r  Phase I only. The evaluation, selection and 

analysis are  guided by six particular pmp applications. The design obJeetfves 

stated f o r  the selection of these pumps are quite specific and are based on the 

best  estimates from present space power plant studies of the one megawatt level,  

The pmps are  intended fo r  use in  space e l ec t r i c  power generating systems of the 

turboelectric and thermionic types usirlg certain a lka l i  metals as the working 

fluids.  

i n  space, The design objectives fo r  the various applications a re  shown in Tpble 

11-1 . 

The energy source i s  a nuclear reactor and the  heat sink is a radiator 

The starting point fo r  the program was a l i t e r a tu re  search t o  compile a 

s v  of imprtant  previous work i n  the f i e l d  of EE4 pumps. 

presented i n  past quarterly reports. 

compilation of a l l  the many 

be considered i n  the program. 

descriptions were presented. 

for  performance prediction were developed, 

The results were 

The principal value of th i s  work was the  

pump concepts that m i g h t  f i t  the applications t o  

A t o t a l  of 18 conceptual sketches and brief 

Along with th i s  8ome i n i t i a l  analytical  methods 

Since selection of the pump requires considerable a t tent ion t o  the power plant 

charcBcterietics, the i n i t i a l  step of integrating the pumps in to  the two reference 

power plants w a s  also undertaken and described in past reports. 

-6- 
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111. DISCUSSION 

1 
I 
I 
I 

A. Electromagnetic Pump Characteristics 

1. Introduction 

To provide a basis for  the choice of EM pump types having promise fo r  

par t icular  space power applications, a l i s t i n g  and description of a l l  the  

basic types of EN pumps was prepared. Largely quali tative i n  nature, it 

indicates t he  principal features and characterist ics of each basic type EM 

pump. To a t t a i n  comprehensive coverage, the following steps have been 

taken : 

1. 

r\ 
C .  

3.  

The available EM pump l i te ra ture  has been surveyed. 

D - 2 r r - Z - l - o  --d em-4'4 m.nn+:'nnn o n 0 7  n m n . , ~  
I I IL1LAPAG13 OLIU b U A U  A E j l A A a u r U l A u  Wrurvgvuu electre- 

magnetic devices have been sought. 

The l is t  has been extended by the principle of "duality"; 

tha t  i s  analogies t o  other types of pumps, and t o  other 

e lec t r ica l  machinery. 

Emphasis i s  placed on completeness with regard t o  basic types, although 

no attempt is  made t o  cover the many variations in  configuration d e t a i l  

possible within types. 

2. Thermoelectromagnetic Pump 

The l i t e ra ture  survey and compilation of pump characterist ics i s  

essent ia l ly  completed except for  the  thermoelectromagnetic or TEM pump. 

Actually t h i s  pump is a variation of the  D,C. conduction pump which has 

already been thoroughly discussed. Therefore, the  TEM pump w i l l  be considered 

here only i n  the manner in  which it d i f f e r s  from the  usual D.C. conduction 
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configuration. 

separate type derives from the search for  an answer t o  the  one major 

weakness i n  the D.C. conduction pump. 

J u s t i f i c a t i m  f o r  presentation of t he  TEM pump as a 

One of the primary disadvantages of the D.C. conduction pump is the power 

conditioning associated w i t h  the  law voltage-high current power required. 

The TEM approach eliminates t h i s  problem by obtaining power i n  the required 

farm from a thermoelectric element mounted d i rec t ly  on the  pump structure. 

The pumped f lu id  provides past of the thermal energy c i r cu i t  required t o  

drive the thermoelectric element. If the f lu id  is  primary coolant, f o r  

example, the hot junction of the thermoelectric element is i n  contact w i t h  

the  hot fluid. The heat must then be removed from the cold junction by 

a cooler f luid such as  the radiator coolant or by d i rec t  dissipation t o  

space, 

one couple i s  shown here, which i n  practice would provide no more than 0.1 

volt .  For higher voltages, several couples must be series comnected. An 

interest ing arrangement fo r  primary coolant application was presented by 

D.C. Miley(2) whereby the thermoelements are incorporated i n  a heat exchanger 

between primary and secondary coolants. 

magnetic c i rcu i t  are a w e d  in a toroid so that maximum use is made of 

the  magnetic material. Possibly the en t i re  structure could become part 

of the  shielding surrouading a nuclear reactor. 

thermoelectric elements may be shortened by the  high neutron flux. 

Figure A-1 shows one arxwagement suggested by S. Hufnagel(l), Only 

The heat exchanger and pump 

Hwever, the l i f e  of the  

U n t i l  recently thermoelectric devices had prohibitively low eff icielocies. 

Now the  new thermoelectric elements are available. 

been operated successfully up t o  1800oF. 

Germanium-sllicon has 

Its Carzrot efficiency is  about 

-10- 
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Figure A-1 Thermoelectromagnetic Pump 
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8% but i n  actual practice 3-4% 

have performed w e l l  i n  vacuum. 

is  the rule. Germanium-silicon elements 

Lead-teluride couples have a Carnot efficiency of l3$ and real ize  5-7$ 

i n  practical  applications (41)(42). The Lead te lur ide couples have a 

temperature l i m i t  of about l 2 W F .  

about 10 watts/lb. at  best,which i s  less favorable than the  10 lb/KW 

weight penalty f o r  power plus 2 lb/KW power conditioning weight presently 

estimated for the  turboelectric system alternator. From t h i s  standpoint 

alone the  TEM pumping system offers no significant advantage i n  specific 

weight over other EM pumping systems. Then,on adding, moreover, the cooling 

penalty for  the  high heat rejection rate, a substantial  weight disadvantage 

must be accepted in  

trade off would probably be desirable fo r  very small pumps. 

Both types of elements w i l l  produce 

gaining the power conditioning advantage. Such a 

The TEM pump has two special problems. Since the pumping action depends 

on heat supplied by the  pumped f luid,  a start up problem exists. Then,too, 

where good control of head and flow is  required, either a thro t t l ing  device 

must be used or  auxiliary D.C. power must be supplied t o  a magnet c o i l  t o  

permit varying the magnetic f lux,  Compensation fo r  temperature change i n  

the f lu id  must also be considered, Overall the  control of the TEM pump 

i s  complicated 

B. Pump Design Considerations 

1. Introduction 

This work is beilsg presented i n  two major categories: General Relation- 

ships and Performance Prediction. 

those analyses applying broadly t o  a l l  or  several EM pump types. 

mance Prediction Section coatains the perfonnance prediction procedures used 

The General Relationships Section contains 

The Perfor- 

-12- 
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in pump developnent design requirements presented i n  Table 11-1. 

2. General Relationships 

General analyses of pump efficiencies and duct specific power have 

been completed. 

development of l i t e r a l  expressions fo r  e lec t r ica l  efficiency, duct 

efficiency and duct specific power. The assumptions made i n  these 

analyses were: 

Both analyses are qui te  general and lead t o  the 

1. Hydraulic loss  was neglected. 

2. The magnetic material used ms in f in i te ly  permeable 

and lossless.  

Space and time harmonics ~ a e  neglected. 

End and side e f fec tswre  neglected. 

Fluid and duct w a l l  currents- compensated. 

3.  

.4. 

5. 

The resultant generalized analytical  relaticrmsklps previously reported 

were presented graphically as curves plotted against s l ip .  

a) m aulic Pressure D r o ~  

1) sunapcr;ry 
One of the simplifying assumptions used in deriving the general 

relationships above w a s  a negligible hydraulic loss.  

the hydraulic pressure drop may be quite significant.  

In  actual  pumps 

Consequently, a 

correction f o r  t h i s  assumption must be made. Hydraulic pressure drop 

i n  an EM pump i s  due t o  entrance and ex i t  losses and the viscous drag 

i m p a r t e d  t o  the f lu id  at the duct boundaries. Entrance and ex i t  losses 

are usually expressed i n  terms of "velocity heads". 

-13- 
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The number of velocity heads los t ,  h , depends upon the  de t a i l s  of the 

entrance and exi t  conditions, and may be approximated f o r  a particular 

configuration by reference t o  various publications (3) ( 4 )  

Viscous loss is  normally expressed i n  terms of the  f r i c t ion  factor  

& , the ra t io  of duct length t o  hydraulic diameter 2, and velocity 

head. 
D 

In  a form of the Fanning equation, 

With the usual flow conditions, f r i c t ion  factor  i s  a function of Reynolds 

number NR, duct surface conditions, and duct curvature. When a conducting 

f lu id  flows through a magnetic f ie ld ,  circulating currents flow within the 

f lu id  introducing an additional body force on the  f lu id  which influences 

the velocity distribution across the duct. 

factor.  

viscous conducting f lu id  flowing i n  a s t ra ight  duct through a magnetic f i e l d  

i s  given i n  th i s  section. 

This tends t o  modify the  f r i c t ion  

An analysis of hydraulic pressure drop f o r  laminar flow of a 

The resul t  fo r  the f r i c t ion  factor  is:  

1 
b =  NR [NH Coth NH - 4 

where NH, t h e  Hartmann number;(5) is  given in  consistent uni ts  by 

B D  N =  H .  



i n  conventioosl units, 

Equation (B-3) is plotted in Figure B-1. 

Friction factor  whea f l o w  is turbul& has not been developed. 

A similar so1ut;ion f o r  the 

Physical 

reasoning and a limited amoun% of t e s t  data 011 mercury iadicate that the 

magnetic field has very l i t t l e  effect on the f i r c t lon  factor  when flow is 

turbuleat 

For turbuleat flow, the equatioa due t o  von Kamaa 

= 4.0 1 0 g 1 0 ( ~ ~ ~ ~ 7  )-0.4 & (13-6 j 

seeme appropriate. 

consiaers only smooth ducts is plotted in Figure B-1. 

This equatioa which neglects magmetic field effects  and 

The effect  of duct curvature upon flow is t o  increase the value of 

Reynolds number at which transit ion from laminar t o  turbulent f l o w  occurs 

a& t o  increase the f r i c t ion  factor, particularly f o r  laminar flow. 

Reference 6, Schlichtlng gives the effect  of curvatare as iscreasing 

In 

f r i c t ion  factor by the  multiplier 

c 1 1  

No infornation is available in the literature concerning 

duct curvature when the Hartmaan No. is other than zero. 

t he  effect  of 

The increase 

ia f r i c t ion  factor due t o  curvature is due t o  secoadary f l a w  patterns 

arisirrg fram the centrifugal force field set  up by the variations iu f luid 

velocity across the duct cross-section. ( 3 M )  
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When a conducting f lu id  f lows  i n  a transverse mapaetic f ie ld ,  velocity 

variations across the duct a re  reduced by the  eddy current magnetic 

f i e l d  reaction, hence, it is reasonable t o  expect t he  effect  of curvature 

t o  decrease with increasing Hart- number. 

It is interesting t o  observe the effect  of a magnetic f i e l d  upon 

the  velocity distribution fo r  l a m i n a r  flow. The velocity dis t r ibut ion 

across a wide rectangular duct i s  shown in  Figure B-2 f o r  the 'range of 

prac t ica l  values of Hartmann number. 

by Equation B-21. By the  viscous force relationship, higher values of 

pressure drop are  associated with the higher velocity gradients at  the 

boundaries. 

This velocity dis t r ibut ion is  given 

b) Analysis of Magbetic'ineld Effect 

Consider the elementary duct section shown i n  Figure B-3 

Assume : 

1. 

2. 

3. 

4. 

The field moves i n  the z-direction at a constant velocity vs. 

The duct and air gap height i n  the y-direction are much less than 

the  other duct dimensions and the pole pitch so there  are no 

variations i n , t h e  f ie ld  with respect t o  x and y. 

Flow is  laminar. 

Current density has an x-component only and there  are  no conditions 

external t o  the elementary duct section shown which influence 

current density. 

Velocity, v , varies only with y. 

Then taking the  center of the duct section at  y = 0, the  current density 

anywhere,, is 

-17- 
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Figure B-2 Fluid Velocity Profile in a Rectangular Duct As A Function 
of Hartmann Number (Laminar Flow) 
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Figure B-3 Elementary Duct Section 
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The body force, therefore, on an element bounded by x-;t planes at 

y and y + dy is  

The viscous force on the element i s  

The t o t a l  force on the element i s  

(B-10) 

It i s  a necessary condition f o r  laminar flow that the  pressure across 

any cross-section perpendicular t o  the flow be constant. T h i s  requires 

I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 

I 
I 
I 
I 

I ,  

(B-14) 

(B-12 ) 

Writing these partial d i f fe ren t ia l s  as t o t a l  different ia ls ,  i n  accordance 

wi th  the  assumptions, 

The solution of t h i s  d i f fe ren t ia l  equation may be written 

v = A + A2 coshO( y + A sinhwy 1 3 

where 

d =  B 

-20- 
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Since v is an even function of y, 

A3 = 0 

Thus 

v = A1 + A2 c o s h q y  
f 
\\ 

When y = + - a , v = o  
- 2  

Thus 

and 

A2 = - A1 
cosh @fa 

5 

v = A1 p%q 

and 

- 
v = v  

The dimensionless constant 

e a  - 
2 

- - .  

( 6 )  is called the Hartmann number. 

-21- 
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- 
v = v  

In  terms of the H a r t m a n n  number 

The net hydraulic drag on the fluid [: i n  tanh ::::!I the  duct NH i s  

(B-21) 

(B-22 ) 

tanh NH 
- 

1 -  t a . n h N 3  ' 
NH 

In terms of pressure drop per unit length of flow path 

1 
'h = - fh  = 4N2p 2 

v' [NH coth NH - l] 
ga a 

Equation (8-2) stated: 

Equating these expressions f o r  pressure drop, 

L 
Introducing Reynolds number, (6 1 

(B-24 ) 

(B-26) 

-22- 



I 
t 
E 

1 
E 
P 
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1 
i 
8 
f 
I 
I 

it follows from 

6 

EQuat ion ('B-25) that 

For Large values of EJH, th i s  expression becanes 

Equation (B-27) may be written 

( B-28) 

This ie the classical expression given for friction factor,in the absence 

(7) of magaetic field effectg for laminar f l a w  in a wide rectangular duct. 

Expressing Equation (B-20) in general tenas, 
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(The use of a simple hydraulic diameter i s  sufficiently accurate here 

so it i s  f e l t  tht the use of different hydraulic diameters f o r  NH and 

NR and fo r  viscous and turbulent flow regimes cannot be jus t i f ied  at  

t h i s  time. ) 

In  the’units Indicated below: 

For the alkali metals, 

Then, f o r  reasonable values of D and B , say 

0.4 & D 4 4 

J 
m 

The Hart- Number then is: 

5 < NH < 3000, approximately 

with: 
B in lines/inches* D i n  inches 

pf i n  micro-ohm-inches /”’ in lb/ft-hr. 

-24- 
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3. Performance Predict ion 

The foregoing general relationships are most useful i n  the  conceptual 

design and preliminary analysis stages of the pump research work. More 

detailed methods of analysis f o r t h e  particular types of pumps have been 

developed under the designation of Performance Prediction Methods. Many 

of these a re  i t e r i t i v e  meihods and lend themselves w e l l  t o  computer 

programming. 

a )  Direct Current Conduction Pump 

The d-c conduction electromagnetic pumps considered below are of the 
* *  

t _qe  shown i n  the sketch of Figure B-4 . 
way of an i n l e t m i t i o n  section leading t o  a pumping section of rectangular 

The f lu id  enters the pump by 

cross section and constricted area. Here the interaction between the 

current and the magnetic f i e l d  produces an increase i n  fluid pressure, 

and the  f lu id  flows on through the outlet, t rans i t ion  section t o  the  pump out le t ,  

The magnetic f ie ld  and current relationships are shown in  the sketch. 

The magnetic f i e l d  may be provided by a permanent magnet, particularly in  

small-size pumps, or  by an electromagnet. 

excit ing winding is  usually connected i n  ser ies  with the  current electrodes. 

If the duct is made of conducting material, current is introduced into the 

If an electromagnet is  used i t s  

f l u i d  by electrodes attached t o  the  outside of the  duct walls. 

is  of non-conducting material the electrodes extend through the w a l l s  and 

make contact direct ly  with the  fluid. 

If t he  duct 

The equivalent e l ec t r i ca l  c i rcui t  f o r  t h i s  pump is  shown i n  F i m m  B-4, 

The resistance, %, represents the resistance of the  f lu id  d i rec t ly  between 
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Figure B-4 D.C. Conduction Pump & Equivalent Circuit 
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t h e  electrodes. 

reacts with the  magnetic f ield t o  produce the increase i n  pressure i n  

the  f lu id .  

back emf, Vg, which opposes the flow of current Id. 
represents the  resistance of the two parallel fringing current paths 

from the  ends of the electrodes through the f lu id  out in to  t h e  transition 

sections around the magnetic f ie ld  region. 

does not contribute t o  the development of pressure i n  the f lu id  except 

as the  fringing magnetic f i e l d  may extend into that region. 

the  resistance of the current path through the duct w a l l s  from electrode 

The CwTent, Id, through t h i s  portion of the  f lu id  

The flow of f lu id  through the  magnetic f i e l d  generates a 

The resistance % 

Current i n  these paths, If, 

represents 

t o  electrode. 

development of pressure in  the fluid.  

resistance of the  electrodes through which the en t i re  current passes. 

It includes the resistance of the joint  between the  electrode and the  

duct w a l l  and a part of t he  resistance through the thickness of the 

duct w a l l .  

w a l l  and contact resistance between the duct w a l l  and the  f lu id  may be 

included i n  Rd and Rf.  If the duct i s  made of non-conducting material 

there  is  no duct w a l l  current, and the electrodes contact t he  f lu id  

direct ly .  

Re,  includes the  resistance of t h e  magnet co i l .  

The current i n  th i s  path, It, does not contribute t o  the 

The resistance Re represents the 

Part of the resistance through the  thickness of the  duct 

If the  magnetic f ie ld  i s  produced by a series electromagnet, 

The magnet poles may be tapered back from the  pumping portion of 

the duct t o  extend the fringing magnetic f ie ld  in to  the  region of fringing 

current as shown i n  Figure B-4 

current and the fringing f i e l d  contributes t o  the pressure r i s e  by reacting 

. This tends t o  reduce the  fringing 
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with the fringing current 

be located i n  thettmsition sections t o  block much of the  fringing current. 

Ron-conduct ing separators (not shown) may 

The calculation of voltage, current and power required t o  produce a 

desired flow and pressure r i s e  i n  a pump of known construction and dimensions 

involves the following steps : 

1) Calculation of internal  pressure drop. 

2 )  Calculation of t o t a l  pressure r i s e  necessaryI 

3 ) Calculation of magnetic f i e l d  

4 ) Calculation of current, voltage, power and efficiency . 
5 )  Corrections f o r  "armature reaction" effects  

These steps w i l l  be discussed and methods of calculation descr 

order tabulated above. 

bed i n  t h e  

1) Calculation of Internal Pressure Drop 

There i s  a pressure drop i n  the  pump, due t o  hydraulic losses i n  the 

duct andtm%LSitiOn sections, which must be added t o  the net pressure r i s e  

developed by the pump i n  order t o  obtain the t o t a l  pressure r i s e  t o  be 

generated i n  the duct by the current and magnetic f ie ld .  

The loss in  the duct portion of the pump where the pumping takes place 

may be calculated as follows : 

03-30) 

dd = 2a b/ (a+b) 03-31 1 
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The value of Cf m y  be materially affected by the presence of t he  
magnetic f ie ld  crossing the  duct. The effect  i s  t o  increase the  hydraulic 

loss when the  flow is laminar and t o  increase the value of t he  Reynolds 

number a t  which t ransi t ion from l a m i n a r  t o  turbulent flow occurs. The 

hydraulic loss i s  not significantly affected by t h e  magnetic field after 

turbulent flow is established. 

The relationships between fr ic t ion factor,  Reynolds number and Hartmann 

nuniberwxe developed and i l lus t ra ted  i n  Figures B-1 and B-2. 

Calcl~lat . inn nf presslare drop i n  the  duct by means of these relationships 

does not take into account losses occurring at the ends of the  duct. 

may be a significant proportion of the t o t a l  i n  d-c conduction pumps because 

the  ducts are usually only a f e w  diameters long. They depend upon the shape 

of the tmnsi tbn  sections connecting t o  the duct, and may be conveniently 

included as part of the losses in  these sections. 

These 

Pressure drop in  the t rm&Lon  sections can be calculated f o r  conical, 

square, o r  rectangular shapes. 

rectangular shape, i n  the presence of the fringing mabet ic  f ie ld ,  may be 

The accuracy of resu l t s  f o r  a circular-to- 

poor. The drop may be estimated by assuming an arbi t rary number of velocity 

heads loss. 

2 

144 x 2g 
= K w v  

'Tr 

The value of K may be estimated by comparing the  pump with a Venturi meter. 

For Venturi meters with diameter ratios of 25 t o  5 6  an entrance cone of 21 deg. 
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(4 1 and an ex i t  cone of 5 t o  7 deg. the overall  pressure loss i s  given 

as 10 t o  2 6  of the  d i f fe ren t ia l  pressure. 

= 0.2 Q 
'Tr 144 144 (B-33  

r 1 

= 0.2 I. - .0625_1 6 5 ,  ,A =+ 
144 2g A1 

%r 

K = 0.2(1 - .0625) = 0.187 

The loss in  a pump where the  cross-section changes from circular  t o  

rectangular and back t o  c i rcular  along with the reduction and expansion 

of area, combined with the presence of the fringing magnetic f i e ld ,  would 

be greater than that occurring in  a Venturi meter of nearly ideal  shape. 

A value of 0.5 i s  suggested f o r  K. 

2 )  Calculation of Total  Pressure Rise Necessary 

The pressure drops calculated f o r  the duct and transition sections, 

when combined and added t o  the net pressure r i s e  desired between the in l e t  

and out le t  of the  pump w i l l  give the t o t a l  pressure r i s e  that must be 

developed i n  the duct, 

3 )  Calculation of the  Magnetic Field 

The magnetic f i e lds  of importance t o  the  pump characterist ics a re  the  

f i e l d  crossing the duct between electrodes, and the  fringing fields extending 

in to  thetmnsitjon sections. 

of magnetic c i rcui t  calculation. 

magnetic permeance of the  gap across the duct between magnet poles, of the  

These may be obtained by established procedures 

This involves a determination of the 
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fringing f lux paths across t h e  transit ion section, of the  fringing flux 

paths from the sides of the  magnet poles, and of any other leakage f lux 

paths in  the magnetic c i rcui t .  These are important if  a permanent 

magnet i s  used for  excitation, i n  order t o  calculate the  t o t a l  f lux 

being supplied by the  magnet. Permanent magnet calculation procedures 

are described by Parker and 

same book describes procedures f o r  calculating magnetic permeance of 

fringing and leakage flux paths. 

describes procedures for  calculating magnetic permeance of fringing and 

leakage f lux paths. Permanent magnet excitation is  generally used only 

i n  small pumps. The fringing and leakage permeances a re  used in  calculation 

of an electromagnet t o  obtain the t o t a l  f lux and the  amount of magnetomotive 

force absorbed i n  the  magnet circuit .  

Chapter 4. Chapter 5 of the 

Roters(g), i n  his  Chapter 5, a lso 

The current between electrodes in  the f lu id  and i n  the  duct w a l l  has 

a d is tor t ing  effect  on the  magnetic f i e ld ,  increasing the  f i e l d  strength a t  

t h e  entrance t o  the  duct and decreasing it at the exi t  end. 

affects  the  current distribution along the duct, producing maximum current 

density in  the region of lower f ie ld  strength and reducing the  t o t a l  pressure 

developed. Large pumps i n  which t h i s  effect  is  significant may be equipped 

with compensating conductors which return the  current through the  gap close 

beside i t s  paths through the fluid and the duct w a l l ,  cancelling out most 

of the  distortion. 

output pressure, output power and e lec t r ica l  losses can be approximated f o r  

an uncompensated pump. 

T h i s  i n  tu rn  

Equations are given by Blake@) by which the  effect  on 

These a r e  given in paragraph 5. 
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4 )  Calculation of Current, Voltage, Power and Efficiency 

Assume f i r s t  that the pump i s  e i ther  of the permanent magnet type 

or i s  separately excited, so that the gap flux density i s  fixed and has 

been calculated as outlined i n  preceding paragraphs. 

i n  p s i  developed in  the pump, equal t o  the  prescribed terminal pressure 

Let P = pressure 

plus the hydraulic pressure loss  which has been determined as above 

outlined. Let v = the  velocity of flaw i n  ft . /sec.  in the  duct, calculated 

from the prescribed flow t o  be delivered by the  pump at  the  prescribed 

pressure. The equivalent c i rcu i t  of Figure B-4 obtains 

B1d 

a 
p = - x 8.85 x ps i  

Pa 8 Id = - x 0,1132 x 10 amp. 
B 

0-35 1 

03-36 1 

V = B v b x 12 x vol t s  03-37 1 Q 

V, 

- Ve 
It - g 

03-39 1 

I = I  + I f + I  amp. (B-41)  d t 

V = V e  + IR, vo l t s  at terminals (B-42 1 

(B-43 1 Wi = V I  w a t t s  input 

(This does not include power fo r  a magnetizing c o i l )  

(B-40)  



Po = P - % p s i  output 

Wo = Po Q x 0.435 watts hydraulic output 

(This does not include magnetizing c o i l  power) 

Calculation of Q, Rf and R+, is  discussed i n  a following paragraph. 

Consider now a series excited pump i n  which the  gap f lux density i s  

proportional t o  the pump current. 

= 21 

Vg = C I  v b x 12 x vol ts  

x 0.1132 x lo8 vol t s  + - pa% Ve = C I  v b x 12 x 
C I  

I = - Pa x 0.1132 x 10 8 + - CIvb x 12 x + - papa x 0.1132 x 108 
C I  Rf  CI% 

+ -  'Ivb x 12 x + x 0.1132 x lo8 amp. (B-52) 
Rt C l R t  

I 2 (l-Cvb(-+L) 1 x 12 x = paRd (2 + - 1 + 2) 
R f %  C % R f R t  

(B-53 8 x 0.1132 x 10 
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(3-54 1 

Using above equations, calculate Id, Vg, Ve, If, It 

V = Ve + me terminal vol ts  03-55 1 

Wi = V I  watts input 

Po = P - Ph ps i  output 

Wo = Po Q x 0.435 watts output 

(10) The calculation of the  resistances %, Rf, and R t  is  discussed by Blake 

and Watt(’’), and curves given t o  aid i n  the calculations. They involve the  

assumptions tha t  the duct i s  of uniform cross-section, rectangular i n  shape, and 

the  resistance i s  not affected by the presence of the magnetic f ie ld .  It i s  

assumed i n  applying these curves that the magnet poles extend over the same ax ia l  

length of the duct as the electrodes. 

f i e l d  i n  an uncompensated pump where the current dis t r ibut ion i s  changed by the  

f ie ld .  A correction f o r  t h i s  effect  i s  given i n  a following paragraph. The value 

of % i s  affected by the  fringing magnetic f i e ld  which a f fec ts  the  fringing 

current distribution. 

%mr&kIm sections in which the fringing current paths l i e ;  so tha t  the value of‘ Iif 
obtained from the curves i s  approximate. 

The value of Q is  affected by the magnetic 

It i s  a l so  affected by the  changing cross-section of the 
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N o  sui table  method of correction f o r  these effects  i s  available. The 

value of Rt i s  not affected by the  magnetic f i e l d  and i s  affected only 

s l i gh t ly  by changes i n  cross-section of the tIYmSitfon sections.. The value 

of Re depends upon the  arrangement of the  electrodes, the connecting buses, 

and the  mgnetizing coi l ,  and can be calculated by established procedures. 

The contact resistance between the  electrode and the  duct wall depends 

upon the  construction but is  usually negligible. 

f o r  % and Rf assume good wetting of the  duct wall by the  f luid,  w i t h  

negligible contact resistance between the  f lu id  and the w a l l .  

resistance of the duct w a l l  t o  tne  flow of current through i t s  thickness 

from the electrode t o  the  f lu id  may be conservatively approximated by 

assuming that all the  electrode current flows s t ra ight  through from 

electrode t o  f luid.  

The above calculations 

The 

If fringe-current baffles are  used i n  the pump t o  reduce the  fr inge 

current, the  effective value of Rf i s  greater than would be obtained from 

the  curves of Blake (’O) and Watt(’’). 

placed i n  theImiiSition sections parallel  t o  the f lu id  flow but perpendicular 

t o  t h e  fringe current flow, dividing the  t rans i t ion  sections in to  two or more 

pa ra l l e l  channels. They may extend from the ends of the t rans i t ion  sections, 

or further,  t o  reduce current flow around the outer ends. 

i s  not appreciably affected by the presence of the baffles. 

of % and Rf may be approximated by using a value of b equal t o  the width 

of each separate parallel channel, calculating from Ref. (10) and (11) values 

of Rd and Rf f o r  each channel, and adding together t he  values thus found t o  

get the net effective value. 

The baff les  a re  insulating plates  

The value of % 
The values 

Interchange of current between the  f lu id  and 
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the  tube walls near t h e  baff les  i s  neglected. 

5 )  Correction f o r  Armature Reaction Effects 

The distortion of the  magnetic f i e ld  and current dis t r ibut ion by the 

current in  t h e  f lu id  i s  discussed by Blake,(lO) Watt, 

Ba,rnes.(U) 

developed by Blake are  given here. 

expressed as follows: 

Woodrow,(12) and 

Approximate corrections f o r  t h i s  effect  taken from equations 

The t o t a l  developed pressure may be 

8 
8 
1 
i 
1 
I 

- (1 - 3 B c o t h  /f - 1) x 8.85 x p s i  

B a %I 
(B-60) 

(s-51) 

value of Q as found from curves of Figure B-5. 

f luid velocity in  the duct, f t / sec  

electrode length along the duct, inches 

electr ical  r e s i s t i v i ty  of the f h i d ,  micro-ohm-inches 

Bi i s  the value of the f lux density at  the edges of the magnet poles, 

(at the  entrance t o  and exi t  from the duct), which would be produced by 

the  current through the magnet gap alone. S t r i c t ly  speaking, the current 

I should include only Id and the  portion of duct w a l l  current between 

the poles. The overall accuracy of t he  correction, however, does not 

warrant the  e x t r a  calculation t o  obtain these values. 

I 
I 
R 
I 

Bm may be obtained by assuming that t h e  dis tor t ion of current ?.i.stribution 

does not affect the t o t a l  flux and making the  calculation as if  the  current 
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Figure B-5 Theoretical Fringing Resistance Ratios for Conduction 
Pumps, Without Magnetic Field Source: Reference (11) 

-37- 



a 

dist r ibut ion were not dis tor te  
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The t o t a l  electrode current may be 

assumed t o  flow in  a half turn adding t o  o r  subtracting from the  external 

gap magnetomotive forcez depending upon the geometry of the  electrode 

connections. T h i s  i s  an approxfmation as the dis tor t ion of current 

dis t r ibut ion w i l l  a f fect  the t o t a l  flux. 

8 coth B - 1 
are  given i n  Figure B-6 as 

B Plots of B coth p and of 

functions of f3 t o  assist i n  determining the correction factors.  

For series connected D-C electrbhagnet pumps the 'ka t io  of Bi/B, is nearly 

constant 

03-63 3 

(B-64) 

Let P' = P/X 03-65 3 
Then Equations (B-47) - (B-59) may be used t o  include the effects  of armature 

reaction by substi tuting PI, (B-65), and R'd,  (B-61) f o r  P and %. 

For permanent magnet or  separately excited pumps Bm is  constant, 

but Bi varies w i t h  current . It is  necessary t o  first calculate the  

currents as if there were no armature, obtain an approximate value of B i  

and of X, then repeat with P' and Rtd .  

the values of Bis X, and P' and again repeat the calculation. 

It may be necessary t o  then revise 
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b )  Single Phase Induction F’ump 

An analysis by D. A. Watt of a single phase induction pump w i t h  an 

annular duct was published i n  Reference (14) i n  1953. 

declassified edition of Reference (14), was published i n  1956. 

configuration treated i n  these references i s  shown i n  Figure 0-7, 

Reference (15  ), a 

The 

A more compact configuration developed during the course of t h i s  EM 

pump design study i s  shown i n  Figure E-’C.. 

point t h i s  configuration i s  equivalent t o  that studied by Watt. 

more compact and more symmetrical, hence be t t e r  suited t o  space applications 

From an electromagnetic view- 

It is 

where size, weight, and volt  ampere requirements must be minimized. 

i l lus t ra ted  i n  Fieurc i3-8, both the duct and the  exciting c o i l  a r e  annular 

i n  form. The basic magnetic flux pattern i s  ax ia l  and radial, hence the  

laminations must be oriented with t h e i r  major dimensions lying i n  planes 

passing through (or  near) the  axial centerline of t he  pump. 

and out le t  pipes a re  desirable t o  minimize hydraulic and electromagnetic 

i n l e t  and exit losses. 

such tha t  the complex arrangement of chokes described by Watt i n  the  reference 

t o  min>mize circulating currents i n  the  configuration of Figure B-7 are not 

necessary provided entry and exi t  pipes are arranged with appropriate symmetry. 

As 

Multiple i n l e t  

The symmetry of the configuration of Figure B - 8  is 

Other compact single phase induction pump configurations s i m i l a r  t o  that 

of Figure B-8 are shown i n  Figures B-9 and B-lQ. 5”he configuration of Figure 

B-9 Type B, i s  somewhat more compact than Type A, but t h i s  compactness i s  

achieved at  the expense of poorer performance. 

B-10, has exciting co i l s  located a t  each end of the annular duct. 

Type C, shown i n  Figure 
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X 

/-Magnetic shunt Inlet Pipes- 

Lc-X U o r e  
Section X-X 

Figure B-7 Sing le  Phase Induction Pump Studied by Watt 

Coil 
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X 
Section X-X 

Annular 
Flaw Duct 7 

Flow 

Figure B-8 S i n g l e  Phase Induction Pump, Type A 

8 
1 
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Annular 
Duct 
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Figure B-9 Single Phase Induction Pump, Type B 
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Figure B-10 S ingle  Phase Induction Pump, Type C 
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When these coils are connected with their mmf's aiding, considering axial 

flux, Type C may be shown t o  be equivalent t o  two pumps of Type A, 

connected back t o  back. 

their  mmf"e opposing, Type C may be sham t o  be equivalent t o  two pumps of 

Similar ly ,  when the coils are connected with 

Type 3, connected back t o  back. In  either case, pumping is from the ends 

of the duct tcmard the middle, Type C does not appear t o  have any signifi- 

cant advantages relative t o  Typs A and B. 

The analysis of the performance of slngle phase Induction pumps Types 

A and B proceeds along similar lines and is carried thrw concurrently 

below. Throughout t h i s  analysis the follawing aseurngtions are made: 

1. The annular duct and air gap configuration is treated as an 

equivalent rectangular configuration as sham In Figure B - U  

Thle Introduces negligible error as the duct diameter w i l l  

norm- bet several intapprl multipledl of the sir gap radial 

2. The f l u  density In the  air gap i e  aseumed t o  have R y-component 

sly. 

3. The fringing flux field a t  each end of the duct is neglected. 

4. The penmeability of the magnetic core is aeemed infinite during 

the analysis of the air &ap region. A correction fo r  mmf' drop i n  

the core be made later. 

FlUia an8 duct walls are aesumed t o  be Ieotrogic and non-magnetic, 5 .  

having penaeab~ l~ t l ee  the same as free apace. 

6. The fluid velocity i s  seemed t o  have an x-component only and t o  
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Figure B-11 Equivalent Configuration for Annular Duct Design 
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I 

The nomenclature presented with t h e  Table of Contents is  used. A l l  

sinusoidally varying quantit ies are rms. 

applies to the  analysis. 

indicated . 

Any consistent system of uni ts  

The results are expressed i n  terms of the uni ts  

The following basic relationships may be written f o r  the  configuration of 

Figure B-11, 
k-. 

1 
( B-66 ) 

(B-68) 

For an assumed configuration and f lu id  velocity, these equations r e l a t e  

t h e  four unknowns, B, Cp, 

equation i n  one unknown, 

jf, and jd. They may be combined t o  yield one 

Assuming the  exciting voltage t o  be sinusoidal i n  time and f lu id  velocity 

t o  be constant, the  system is linear and the result ing f lux @ w i l l  also be 

sinusoidal i n  time. Thus, it may be written 



, 

and 

where Re r.3 signifies "the real part" of A. 

For convenience, let 
c .- I  

Then, substituting these relationships in Equation (8-70), and dropping 

the Re' 

(B-70) may be written 

designation for convenience, in the conventional manner, Equation 

The solution of this equation is 

%x 

Where 

03-74 1 

03-75) 

It is apparent that 

8, = - 8, 

-48- 
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4: and &are constants which depend upon the boundary conditions. It 

is convenient to proceed with the analysis of the pump performance, 

expressing the performance in terms of these constants. Their evaluation 

in terms of the boundary conditions for pumps Type A and B will be covered 

later . 
It is convenient to introduce a dimensionless constant C1, where 

+* c, = - 

Equation $-E) may then be written 

Substituting now from Equation (8-79)in Equations (E-86) (B-67) and (B-68) we 

may write 

(B-80) 

The pressure developed by the pump is given by the product of the flux 

density and the current density in the fluid, integrated over the length of 

the pump duct. This pressure varies sinusoidally in time. The average 

value of the pressure is given by the expression 

-49- 
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where 

Thus 

is  the complex conjugate of B 

(B-84) 

The expression of Equation (8&) may be expanded, integrated and expressed 

as follows : 

03-85 1 

where 

(B-86) 

and I AI means "the absolute value of A". 

It i s  apparent from Figure(B-1O)that the t o t a l  f lux entering the  duct i s  

the  value of the f lux at  x = 0 and t he  totalmmf produced by the  exciting 

coi l ,  neglecting iron drop, may be written i n  terms of the  air gap f lux  

density at  x = 0 and the mmf produced by the  in le t  duct header. Thus 

-50- 
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Thus, from Equation (B-W) 

Assuming a single turn exciting coi l ,  the ccxnponent of applied voltage 

corresponding t o  the flux 

The tota l  input power to the air gap region is  

or, using Equation (B-89) ana (8-90) 

signifies "the imginary" of A, 
Where Im iAl 
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If the exciting c o i l  resistance, on a one turn  basis i s  Rc, the c o i l  loss 

may be written 

The t o t a l  loss is the sum of Wm 

(B-94 

and Wc 

03-95 1 

The power output is given by the product of developed pressure and flow. 

Thus, i n  consistent units, efficiency and power factor  may be written 

r l =  E?3 
wT 

P.F. = wT 

vmm + W T  IJ-' -2 '  

The t u r n  voltage is  

Vt 4- = 03-98 1 

The analysis i s  now complete except f o r  fur ther  consideration of the 
-r 

constants$l, and C1, which are defined by Equation (B-9.X repeated f o r  

convenience. 

(B-79 ) 

One boundary condition common t o  both pumping configurationsType A and B i s  

that the t o t a l  f lux entering the d u c t , H T ,  i s  the value of 3 at x = 0. 

-52- 
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T h i s  condition has been expressed i n  Equation ( B - m )  

st? T = 41 (1+ cl) 

A second boundary condition is imposed at the  outlet  end of the duct, 

at  x =x. 
For pump Type A, the  mmf drops around a'closed path crossing the duct 

and returning t o  t h e  start ing point by way of the  magnetic core at x =R 
t o  t h e  right 

- q - - 

where $ is 

It f l o w s  by 

11 = - 

of the duct (Figure B-7 ) yield t h i s  relationship, 

(B-99 

the  current i n  the outlet duct header, having resistance Rp . 
virtue of the  voltage induced by the f lux at x =,( , Thus, 

Combining EQuations 688) and @-@I, and solving f o r  C1, 

For Type A 

(B-100) 

(B-101) 

For pump Type B, the  boundary condition a t  x =/ is more obvious. 

fringing flux, the flux at  x = 1 must be zero. 

Equation (8-79)at x = 1 

Neglecting 

Thus f o r  Type B, from 

-53- 



NASA-CR-54036 

summary of Performance Equations 

The equations relat ing the performance of a single-phase induction 

pump of either Type A or  Type B t o  the parameters of the  configuration 

and the f lu id  pumped are  extracted from the foregoing analysis and l i s t e d  

below. 

of units. 

t o  correspond t o  the units indicated in  the Nomenclature. 

have the  same numbers as the corresponding equations i n  the analysis, except 

The equations i n  the analysis a re  correct i n  any consistent system 

Constants have been introduced into the equations l i s t ed  below 

Theseequations 

that a lower case "a" has been added as  a suffix.  

dimens ionless Dl 

+ Re (D2) 3 

For pump Type A, 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
8 
1 
I 
I 

6 B y 1  + i 

Ra% + i  x lo6 (r) 
(al -%)E 

dimensionless l e  I 

1.588 x 10 ( fd  
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For pump Type By 

c1 - e  - - (9 - 
R F1 + u2) 

c2 = [. ai + u2 - .] 
5 =$ 
T 1 

dimensionless 

, inches 

, megalines 

- 
f 9l 
RO 

Mc = - 0.0628 - G 

, dimensionless 

amperes @-@a 1 

RO 

2 mc = 10-3 l M c l  Rc , kilowatts (B-94.a 1 

Kw = K w  +mc , kilowatts (B-95a 1 T m 

. 
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t 

Efficiency = q = 0.435 P Q 
103 KwT 

, dimensionless (B-978) 1 
8 
(i 

, dimensionless ( B - g h )  

It follows from Equations 

gap flux density at x = 0 

@@)and (B@) that the flux at x = f ,ZJ , and 
and x = ,( , Bo and 9 , respectively, are 

i 
I 
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1 

C) Materials and Processes 

1. Introduction 

In order t o  provide support p r imar i ly to  the pump design e f for t  and 

insure compliance with the state-of-the-arb requirement on materials selection 

and application, a materials and processes function was  included. The 

principal work here consists of uncovering and evaluating suitable souces  

of materials properties data then selecting and compiling the data f o r  the  

convenience of the pump designer. 

In  Quarterly Progress Report No. 1 a grouping of the  data t o  be sought 

was outlined. Group A was t o  be a broad selection suitable t o  conceptual 

design and i n i t i a l  selection work. Group B was t o  be more carefully selected 

but res t r ic ted t o  only those materials applicable t o  pumps chosen f o r  fur ther  

study. 

i n  detailed design or become available incidental t o  the  search f o r  Groups A 

Finally Group C would bethose  properties which are of in te res t  only 

and B data. Information presented below fal ls  into the  Group A category. 

E'urther selection i s  now i n  progress for  Group B and w i l l  appear i n  subsequent 

reports . 
2. Properties of Gases 

The heat t ransfer  design approach f o r  polyphase induction pumps as 

discussed i n  Quarterly Progress Report No. 2 c a l l s  f o r  a gas f i l l ed  s ta tor  

cavity. 

conductivity, d ie lec t r ic  strength and chemical s t a b i l i t y  i n  the  expected 

Choice of gases f o r  t h i s  application requires a t tent ion t o  thermal 

environment. Helium being the obvious choice from the view of thermal 

conductivity and s t ab i l i t y  its dielectr ic  strength was investigated first 

-57- 
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and some comparisocs t o  other gases made as presented below. 

The investigation w a s  based on the following design considerations: 

( a )  Enclosure i s  t o  be filled t o  one atmosphere of pressure 

at  room temperahire 

( b )  l4ixim.m temperatwe of stack, conductor and gas is  

expected t o  be 800°F. 

( c )  Minimum sqa ra t ion  of conductors i s  .031 :iiich, conductor 

cciated with @ a s s  r ~ ~ i r ~ g ~  ceramic par t ic les ,  ceramic ' I f  ih" 

or other izsxh-bi~g miterial .  

( d )  Radiatkon: lo7 Rads; LOr2 t o  NVT. 

The locations of particular concern a re  the  s lo t s  where turn, phase, 

and c o i l  t o  ground voltages m y  exist ,  and a t  end loops close t o  

each other, From a thermal conductivity standpoint, helium i s  g o d ;  

but of the cornonly available gases on which d ie lec t r ic  information 

i s  readily available, it, i s  the  poorest. e lectr ical ly .  

and gaps indicated, the IX!, sparkover voltages a re  as shown i n  G, A ,  

A t  the  pressure 

Fa r ra l l ' s  sunrey of Paschen curve information, Research Lab. Memo- 

Report El?, date6 December, 1959 : 

Volts 

. O l d '  Gap .OWt' Gap .001" Gap 

Helim 
Neon 
Argon 
myogen 
A i r  

350 210 
360 250 
590 290 
950 400 
1700 620 

These data are plotted is- Figure C-1. 
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It must be emphasized tha t  these values are for :  (1) uniform e l ec t r i ca l  

f ie ld ,  ( 2 )  the  gas only, and ( 3 )  D O C .  voltages. 

For small gaps only small errors  are incurred by considering the D.C. 

value as peak A X ,  value. 

electrode materials, at t h i s  and smaller pressure and gap distance products, 

Oxide and other coatings on electrodes usually reduce the sparkover values, 

However, very significant reductions may resu l t  from the following: 

Somewhat larger variations may occur w i t h  d i f ferent  

(a) Non-uniformity of f ie ld :  In  most e l ec t r i ca l  equipment ci 

The EM pump i s  l ike ly  t o  be 

A reduction of 3 6  i n  the above values i s  

non-uniform f i e l d  i s  usual. 

no different. 

~ not unusual. 

( b )  Interposed material i n  the gap: No serviceable high 

temperature conductor insulation of a t ru ly  film nature, 

similar t o  Formex f o r  low temperature, i s  known. Even 

chemically formed oxide films do not ensure a completely 

unbroken film. Whether the  conductors a re  spaced by 

oxide film, by attached ceramic granules, o r  by inorganic 

fibers,  such matter represents an interposed material of 

higher d ie lec t r ic  constant between the  electrodes. 

uncertain a t  the moment i f  these should be calculated as 

equivalent t o  an interposed fi lm plus gas gap i n  ser ies  

It i s  

or  as equivalent t o  a shunting surface between electrodes. 

I n  either case there i s  some probability of overstressing 

the gas t o  cause corona or  breakdown, Estimated reduction 

d 
I 
s 
s 
s 
1 
c 
J 
s 
s 
t 
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of flashover voltage fo r  t h i s  cause i s  a miminum of 3C$. 

( c )  Radiation: Although helium (and nitrogen) per se are 

not subject t o  damage a t  t h e  radiation fluxes involved, 

t he  gap flashover voltage w i l l  l ikely be somewhat lower 

because of the high irradiation of the gap and electrode 

materials. 

(d)  Impurities i n  the gas: The nature of the  irnpurity(ies) 

governs whether the breakdown voltage i s  increased or 

decreased. Most impurities degrade the  d ie lec t r ic  

properties. 

The conclusion i s  that i n  helium turn t o  turn breakdown, 

etc.  i s  l ikely not t o  exceed 50 V RMS 60 cy. T h i s  appears 

t o  be very marginal. 

l iners  the  division of voltage between solid and possible 

In  the case of solid material s lo t  

gas gaps appears t o  be less disadvantageous, but s t i l l  may 

be considered marginal. Even if  non-porous separators 

between phase or other conductors i n  the same slot or 

external t o  s lo t s  a r e  capable of withstanding corona 

attack, corona effects  on the inevitable impurities i n  

the enclosed atmosphere may have deleterious effects;  and, 

certainly corona or sparking i s  undesirable from a 

communications standpoint. 

Possible Solutions : 

Several solutions immediately suggest themselves. 

( a )  Increase the  gap. 
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(b)  Increase the f i l l i n g  pressure. 

( e >  Add other gases t o  improve the d ie lec t r ic  properties 

with minimum iiiterf erence with heat t ransfer .  

( d )  Combinations of a3ove. 

The f irst  two, within reasonable limits, w i l l  increase the  breakdown 

strength but not i n  direct. ra t io ;  see curves, Figure C-1. 

solution requires exmimtlorz, 

addition cf aitroger: or octofluorapropine (C,F ) 

Figure C-2. 

t o  the gas and co;asetyxn% cetesicration of properties or a t tack on other 

materials. 6 
from die lec t r ic  and themel  conductivity standpoints, but sF6 i s  believed t o  

be suff ic ient ly  radiation sensit ive t o  be unsuitable, In  addition, the 

expected 8C)0°F i s  urico&or-tEbly close t o  the start of dissociation (450OC). 

The th i rd  possible 

The approximate improvement possible with the 

t o  helium i s  indicated i n  3 8  
The iris. 02 the situation i s  the possibi l i ty  of radiation damage 

Sulfur hexafiLlu:-Xie (63' ) addition would appear t o  be suitable 

Heavier gases which might be more desirable from the s t adpo in t  of d ie lec t r ic  

and thermal conductivity properties a re  a l so  more complex and usually more 

subject t o  radiation damage, 

Lab as possibly radiatiou? suitable. 

Dutton of Medim Trmsfsrinet Dept. as another possibi l i ty  on the basis that 

C F has been suggested by Sharbaugh at  Research 3 8  
CF4 (Freon 14) has been suggested by 

it i s  a saturated co~pmad .  Pnsuff ic ient evidence is a t  hand at  the  moment 

t o  draw sound conclusiox about; any of the additions other than nitrogen. 

3. Magret ic Kiter jals 

This electromagnetic pump project i s  intended t o  cover " state-of -the- 

&" materials m.d, as power Praquencies i n  the order of 60 cycles a re  required, 

as indicated by e a r l i s  work on the  program, the  search f o r  material information 
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I I 

Note: 
Interposed s o l i d  d i e l e c t r i c  

mater ia l  and non-uniform f i e l d ,  
a s  w e l l  as other  f a c t o r s ,  may 
cause appreciable  reduct ions i n  
these  values.  Ref. (43) (44) 

/ C3F8 in He 

/ 
1 

Approx. Electrical Breakdown 
vs Mixture Proportions 

/ 

A tmos . Press. - .010" gap. 
Room Temp. 

Y Uniform F ie ld  
DC Voltage Gas Only 

Vol . t age 

0 10 20 30 40 50 60 

Added Gas, Percent by Volume 

Figure C-2 E l e c t r i c a l  Breakdown Voltages f o r  H e l i u m  Mixture 
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is narrowed somewhat, A t  t h i s  point it is  w e l l  t o  res ta te  the present 

tentat ive main requirements for  the magnetic materials : 

Operating temperature of magneM,~&&$&X:~ i 8 0 0 0 ~ 1  &r iz~o@p;u': ) 

Atmosphere: 

West  weight consistent with reasonable magnetic flux carrying capability, 

w a t t  loss and exciting volt-amperes, and consistent with r e l i a b i l i t y  

and other conditions of operations and environment. 

10 t o  100 cycles per second, 1 phase or 3 phase. 

Vacuum, or nitrogaaa o r  other iner t  gas a t  ca 40 PSIA a t  temp. 

Power supply: 

Magnetic flux: unidirectional f o r  DOC devices; simple alternating 

fo r  1 phase devices; alternating and rotating for  3 phase devices. 

Fast neutron radiation exposure: 1 x lom8 nvt. 

Consideration of the possible materials and the  available test information 

t o  support a proper choice of one or more of them provides l i t t l e  choice; f e w  

of the  probable candidate materials have been tested at  elevated temperature 

i n  the  absence of air, 

the period of 1957 through 1960, at 932Car, a f e w  a t  temperatures up t o  1382(oF, 

but usually in  a i r ;  the  exceptions t o  air t e s t s  are found in  Ref. 21  and '40 

(Co alloys only), and 22,. 

variations f o r  some of the t e s t s  reported makes d i f f i cu l t  t he  reconciliation 

of apparently anomalous differences. Despite t he  scarcity of ent i re ly  

satisfactory t e s t  information, there is data which is indicative of probable 

behavior under the required conditions. 

There have been a number of reports of t e s t s ,  mostly i n  

Uncertainty regarding processing details and 

The Biblio@&phy lists m6$$ of. t h e  reports and a r t i c l e s  examined. Excerpts 

w i l l  be more fully presented i n  later reports. 
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The properties of pr-x interest for EM pumps are: 

Curie temperhture 

Normal magnetization curves VS. temperature 

Core loss vs. inchction VS. temperature 

Exciting volt-amperes VS. induction VS. temperature 

Variation of stress sensitivity with temperature 

lkgnetic anisotropky 

Aging characteristics 

It should also be noted that many magnetic materials are notorious for 

sensitivity to various conditions. Among these are: 

a) non-uniform and uniform stresses 

b) small chemical variations 

c) processing variables, particularly heat treatment 

d) surface conditions and inclusions 

e) radiation 

4. Discussim of F’mperty Information 

(a) Curie Tmrperakre 

The Csie point of a magnetic material is the first criterion for 

selection of a magnetic material. U s u a l l y  the material must be held well below 

the Curie tenperatme to obtain useful properties. Tables 111-I thru 111-4 

reprOdHce targptiim. from 1 references 038 ) ( a 4  ~ ( $9 1% md smmarize p+rticGL 

data on a vgiriety of Katcrialc. However,, Pasnak.and Lundsten (20), ( , 

Figure C-3, indicates that the maximum high flux density u~efulnes6,~of 

Supermendm is in the order of 11EpP. 

i y,( I 

, 

HeIms1(3q) shows 
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a C u r i e  temperature range of lbl8OF t o  l292OF f o r  s i l icon iPon alloy with 

.a1 silicixl weight percentage rangaraf' (0 t o 1 6  >(Fig. C-4,). 

hand indicates that s i l icon iron and cobalt iron alloys a re  the materials 

primarily of interest .  

The information a t  

(b) Xormal Efagnetization and Normal Permeability 

These pwameters are primarily of use f o r  d-c applications and 

can indicate maximum useful flux densit ies i n  apparatus. 

saae useful clues t o  a-c performance. 

They can a l so  furnish 

Although most of t he  elevated temperature 

r e p r t s  reviev& dc net EhCV n a m 1  m ~ e t i z i z e t i c ~  or p3mPBbiltt.y cllYve8; 

Clark and F r i t z  (27) show t h i s  information t o  BWlT (See Figs. C-5 'and C-6,:): 

for -0181' and .CQ5"' thick sheet, respectively). 

( c )  Core LOSS and Excitation; Aging 

Core loss and excitation volt-amperes a re  of in te res t  i n  determining 

the engineering performance of a proposed design. 

l i t t l e  informatiori available on high temperature core loss  and even less  published 

data on excitation volt-amperes. 

the E-I or U-X form, same are on ring punchings, some on square hole or  "picture 

frame'' punchings, and some on spiral ly  wound cores. 

the  order of twopaunds o r  less total weight. 

There appears t o  be re la t ive ly  

Much of the data are  on small laminations of 

The cores were mostly in 

The core losses measured could 

therefore be affected by cross-fluxing at  corners, saturation or  cross-fluxin@; 

at lamination gap locatiiorrs, averaging influence of ring o r  square hole punchin@;s, 

etc., as well a8 other copditions such as stress,  low interlminar resistance and 

atmosphere. 

data 'are t y l b i i x i l  of €he ,infornation confirmed by others, IbotaBlyc Clark and 

I 

Hams a& b a s e r  (26) made loss, excitation and aging t e s t s .  Their 
' '  

\ 
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Figure C-5 Normal Magnetization Curves at Various Temperatures 3.6% 
Silicon-Iron (Source: Reference 27, Figure 9) 
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Hiperco 27 (Source: Reference 27, Figure 25) 
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F r i t z  (27), showing lavered core loss w i t h  increased temperature; increased 

temperature resu l t s  in higherkC.excitation at high inductions and lower 

excitation at lower inductions, wi th  a relat ively constant value at about 

fi5,OOO l i nes  per square inch. 

are appreciably higher than i n  si l icon steels a t  inductions up t o  about 15 

A.C. loss  and excitation in cobalt steels 

kilo- 

(d)  Aging T e s t s  

Harms and Fraser (26) (grain oriented s i l icon s t ee l ) ,  and Greene, 

e t  a1 (25) (oriented and non-oriented s i l icon s t e e l  and cobalt s t ee l ) ,  reported 

re ia t ive iy  S ~ O A  aging t e d s ,  both set5 iii air ~t 932- (XEG &S . ) 
(600 hrs.) respectively. 

alone, partly probably due t o  oxidation. 

in the order of 10 t o  255 of both core loss  and excitation at 60 cycles, 

6 ~ 0 ~  

Bcrth show degradation, partially due t o  temperature 

Silicon s t ee l s  appear t o  be affected 

depending on the  quality of the inter-laminar i n s u t i o n ;  cobalt steel appears 

t o  be affected in the order of 10 t o  l5$; both experiments were run in  air. 

The conclusion of both se t s  of investigators was that at temperatures in the 

neighborhood of 932OF and for  times i n  the lo00 hours range, the s i l icon irons 

did not age sufficiently t o  preclude t h e i r  use. 

( e )  Other Properties 

Other properties, which  pay require further documentation, are: 

1 )  Stress sensi t ivi ty  and magnetostriction (inverse manifestations 

of the same phenomenod; oriented material is more sensit ive 

than non-oriented; cobalt al loys axe more sensit ive than s i l icon  

steels;  s t ress  sensi t ivi ty  generally reduces w i t h  increasing 

temperature. 
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bgne t i c  misotrophy : 

a direction 700 from the ro l l ing  direction of grain 

oriented s i l icon s t e e l  t o  be 246 of the loss in the ro l l ing  

direction, at 15 kilograms; also see Kaplan (30) showing 3 0 6  

higher losses due t o  ro ta t iona l  magnetic flux cnmpated t o  the  loss 

due t o  induction i n  the  rolling direction only; no data were 

found t o  supgort clearly the opinion that loss and excitation 

anistropy w i l l  decrease with 

Bozorth (16) showing the loss  i n  

1 
1 
I 
I increasing temperature. 

8 3)  Mia$ ion  effects;  ~ i r t u a U y  no effect  on alloys of in te res t  

here, but cobalt w i l l  become highly radioactive under neutron 

exposure. 

( f )  Comments 

1) All data available are  on samples or cores w i t h  no gaps or  

very small gaps i n  the magnetic c i rcu i t ,  and most are  directed 

toward transformer type apparatus f o r  operation at  932OF, f o r  

re la t ively short times (500 t o  1000 hours), With a large 

magnetic c i rcu i t  gap, such as would occur i n  an electramerg- 

laetic pump, the benefit of a high permeability material,, 

compared with 8 re lat ively low one, is  essea t ia l ly  lost .  

h o s t  a n  data at elevated temperature a r e  in air. 

on cobalt al loys iadicate damage due t o  oxidatiopI, but experi- 

mental data also indicate that t h i s  is due primarily t o  

mechanical s t r a in  induced i n  tape wound cores due t o  oxidation. 

1% is  v i r tua l ly  certaigl that the s i l icon a l loy  aging degra- 

dation is  due primarily t o  oxidestion. 

2 )  TWO reports 
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3 )  It is  obvious from the normal mguetization vs r  temperature 

curves that the cobalt alloys have a higher f lux carrying capa- 

b i l i t y  thEun the  si l icon iron alloys, and that they suffer  less 

(ia air) with temperature elevation and aging 

temperature values. 

same temperature a d  flux density, have higher core loss  aad 

exciting volt-amperes a t  60 cycle than the silicon-irons, within 

reasonable portions of their  saturation f lux densit ies,  

4) The kind of magnetic c i rcui t  employed w i l l  govern the use of 

oriented vs. non-oriented material when use of a silicon-iron alloy 

is indicated. Cross-grain losses and exciting currents in oriented 

material are infer ior  t o  with-grain values and may a l so  be in fer ior  

t o  those of non-oriented mder ia l ,  depending on the  grade of steel 

used 

In magnetic c i r cu i t s  which have rotat ional  fluxes, the losses may 

be substantially higher than those calculated on the basis of con- 

ventional sample loss  measurements. 

6) Cobalt-iron alloys, i n  general, have much higher magnetostriction 

than do silicon-iron alloys. From available data, magnetostriction 

would be expected t o  decrease w i t h  temperature elevation, approaching 

‘zero w i t h  approach t o  Curie temperature. 

7) The cost of cobalt-iron lamination stock is  i n  the order of t h i r t y  

times that f o r  silicon-iron. 

If relat ively law flux densit ies a re  required i n  an EM pump, the 

use of some non-oriented s i l icon  s t ee l s  may be considered f o r  use 

a t  l292OF. 

compared t o  room 

On the other band, the cobalt alloys, a t  the 

5) 

8)  
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9 )  Oljvious~, SGEE compromises w i l l  have t o  be made by 

the d e s i p e r  as no one material i s  outstanding i n  a l l  

properties such as induction, loss, excitation, 

anisotropy magneto str i c  t ion, radioact i v i t  y , aging , 
weight, cost, and r e l i ab i l i t y .  

( Q ) Recomendat ions 

1) Cmsldering a l l  properties, s i l icon s t ee l  seems t o  be 

t'L1~: :est choice fcr 800CF. One '9xceflion n?ajr 

?lave t o  6~e  %eke:: t o  a choice of grain oriented s i l icon 

steel. For polyphase cyliEdrical s ta tor  induction 

pumps arx3 ?erbps> also,  _tor l inear  induction pumps, 

mx.-orlexl-bed s i l icon s t ee l  alloys may be preferable. 

See the discussion under anisotropy. 

2 )  For zpplicg.tFon at 130WF and above, apparently, a cobalt 

Hiperco 27, Reference (24), a l loy  proba3ly i s  necessary. 

or ea_i.ml, seeas indicated, although the vendor's 

information (Page 3 and 4 reproduced here) does not 

extend beyond 9320F8 Also see comment 7 above. 

3 )  Aging tests oc candidate materials (oriented and non- 

orien-bed ail icon s tee ls  and Hiperco 27) should be made 

OR samples of' geometry appropriate t o  expected useful 

EMpwm? d e s i s a ,  i n  both vacuum and iner t  atmospheres a t  

8W°F m.d 130OcF ( m  other appropriate temperatures) f o r  

periods of t i m e  s- i f lc ier i t  t o  demonstrate s t a b i l i t y  or 

-76- 
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continuing instabil i ty.  Sui tabi l i ty  of several 

insulative coatings should a l so  be verified.  

4 )  If magnetic material power loss can be an important 

factor i n  perfonnance, the  effects  of cross-flux 

and rotat ional  flux a t  elevated temperature should 

be investigated on samples s i m i l a r  t o  those above. 

5 )  If the  construction of the pump is such that magneto- 

s t r i c t ion  might influence the r e l i a b i l i t y  of t he  pump, 

the  elevated temperature magnetostrictive effects,  

particularly i n  the  case of cobalt-iron alloys, should 

be looked in to  more carefully. 
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Ii Pawer Cozgi%ionira,g, 

1. I c t r d x t i m  

I n  con.sidericg e l ec t r i ca l  equipment fo r  space power plant application 

- 

the  available p ~ w e r  form is  of primary importance. Power conditioning 

i s  frequently required, 

high performetrice EM pmps generally require low voltage D.C. o r  re la t ive ly  

low frequerxy A , C ,  

In  the past reports it was established that  

The power forms available i n  space power plants a r e  

2. Perfwmnner zi- .~? !!eight 

Sever&:! p~wer. conditioning systems have been identified f o r  use i n  

the two t E e s  of pcwei~ phfi ts  of in te res t  t o  t h i s  program. A frequency 

&anger a d  a rect i fying system have been described i n  ea r l i e r  reports,  

In Quarterly Report NO. 2 a comparison was presented of the A a C o  

inductios, p u g  and the  rj,C, conduction pump as applied t o  the  thermionic 

power p h t .  

fur ther  design work 03 EM pumps has required modification of values used 

ir, the  erzrLEer comparison, 

I n  the comparison several assumptions were made, Since then 

The modified evaluation i s  presented below. 

I n  the %bermionic power plant, power is  available at lOcN D O C . .  

Therefore e i ther  A,@,  or  D.C. pumps w i l l  require puwer conditioning. 

The comparison of the  weights f o r  conditioning equipment i n  the  earlier 

report was aecoapariied by a description of the  e l ec t r i ca l  components and 
- __-.-- 

circuitry.  T h i s  information has been deleted here and a simple comparison 

~ h E l P t  ~ i i b S + , i P ; ~ t  ed. 
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TABU 111-5 

SPACE FQWEX PLANT EM PUMPS 

POWER SUPPLIES 

Weight Penaliy 
Poller Power Fraction of f o r  Power 
Source Form Reactor Thermal Pwr. Consumed I Turboelectric Alternator 500-1000~ l@ 10 lb/Kw c 
- System 

I 
A.C.-2000 CPS 

8 Turboelectric T h e m -  Tow Voltage 
e lec t r ic  D.C. 
Device "A" 

I Turboelectric 

Thermionic 

Thermionic 

Themo- 
e lec t r ic  
Device "B" 

q!?.;..z>+ 
alternator 
Shaft 

Bus Bar 

Thenno- 
e lec t r ic  
Device "A" 

Thermo- 
e lec t r ic  
Device ''B" 

Low Voltage 
D.C. 

loo-2oov 
D.C. 

Low Voltage 
D.C. 

Luw Voltage 
DOC . 

lrn 0.5 lb/KW t h .  

0 lb/KW th .  

1rn 0 lb/MJ th .  

1 Note: mennoelectric Device t t ~ t 3  provides law voltage D.C. power f o r  EM 
operation by thermoelectric elements operating on the  temperature dif'ference 
between primary coolant and radiator coolant. 

Thermoelectric Device "B" provides lar voltage D.C. power f o r  EM Pump 
operation by thermoelectric elements operating on the  temperature difference 
between primary coolant and space. 

I 
8 



Ziydraulie Power - Mw 
Primary Coobr:t 
Radiator coolant 
Total 

Pump Efficiency - $ 

Pump b p u t  - KkJ 

Power Conditfoning Efficiency - $I 

Power Conciitioning Weight 

Power C s n d i t P o n i ~  Specific 
Wei&t - LB/KW Output 

Dcpbnnp s Ac prrmps 
Original Revised3/27 Original Revised3/27 

2 03 Same 
403 Same 
6.6 Same 

33 20 

20 33 

80 Same 

25 41 

E8  210 

6.4 Same 

2 03 
4.3 
606 

20 

33 

85 

40 

1% 

4.7 

Same 
Same 
Same 

15 

4k; 

Same 

52 

200 

Same 

The values f o r  pump efficiency a re  based on the DOC, condensate boost pump 

and the A.C. single phase primary coolant pump sbm l a t e r  iF, t h i s  report plus 

the A.C. induetion pumps f o r  radiator coolant shown i n  Quarterly Progress 

Report No. 2. These pumps a re  not a l l  designed specifically f o r  the thermionic 

plant applications. 

efficiency improve6 with increasing pump size. 

ThereSore, some adjElt3tment was made f o r  the  fac t  that 

The original assmption that the  D.C. pumps could be ser ies  connected 

t o  accept a parer supply voltage of 5 vol ts  now looks less l ikely.  The 

compromise of r e l i ab i l i t y  i n  the ser ies  arrangement cannot be avoided without 

severely reducing pump efficiency, 

equipea t  prducbg  D.G. at abc~~% one vol t  using prese~ t  technology is  not 

over 56. 
plant from the power conditioning stagdpofnt. 

The efficiency f o r  power cmdition4-?,g 

F u s  the A.C. pump is  def ini te ly  favored, in the  thermionic power 

1 
I 
I 
I 
1 
I 
8 
1 
I 
i 
I 
8 
1 
I 
I 
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E. Power Plant Integration 

1. Introduction 

Proper selection of pumps fo r  each of the six applications m u s t  

necessarily include consideration of the several interfaces between 

the  pump and the r e s t  of the m e r  plant. 

representative pumping systems were prepared and presented i n  Quarterly 

Progress Report No. 2 t o  aid i n  the  power plant integration work. 

principle items covered are power supply, power conditioning and pump 

cooling together with the  associated weight penalties. Also t o  be 

considered are  start up and control. 

Schematic diagrams of 

The 

2. Pump Cooling 

Sufficient study of the power supply and power conditioning 

requirements has been done t o  provide preliminary values f o r  pumping system 

weights. 

that 

was evaluated i n  terms of weight penalty per KW of heat rejected. 

resu l t s  a re  tabulated i n  Table 111-6. 

During the =st quarter pump cooling w a s  studied with the result 

our pract ical  systems of pump cooling were devised. Each of these e 
The 

As described i n  Quarterly Progress Report No. 2 the basic heat 

t ransfer  arrangement within the EM pump i s  designed t o  deliver heat from 

e l ec t r i ca l  losses and from leakage through the duct insulation t o  a 

cooling c o i l  bonded t o  the outer she l l  of the pump. 

From the  power plant systems viewpoint the  heat must then be taken 

up by an alkali metal coolant and carried t o  a radiator f o r  rejection t o  

space. 
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Two coolant temperatures were considered: 6009 and 1200OF. 

Although the lower temperature has been chosen as the basis f o r  pump 

design,the higher temperature is not out of the question f o r  some types 

of pumps. 

t o  be gained using the l2OOOF coolant. 

Therefore, it i s  of interest  t o  determine the weight advantage 

To determine the approximate level of heat dissipation,i t  w a s  

estimated fran experience with conventional EM pumps that about one 

half the power  input t o  the pump would appear as  heat i n  the coolant. 

The sources of heat t o  the  coolant a re  12R losses in the  windings, core 

losses i n  the msgnetic structure, eddy currents i n  metal w a l l s  and heat 

leakage from the duct. This l a t t e r  i t e m  is,of course, zero when the 

coolant and pumped f lu id  are at the Same temperature. However, the  

pump designs include good thermal bar r ie rs  at  the ducts so the heat 

leakage w i l l  be mall. 

in the  windings w i l l  contribute 60-86 of the heat added t o  the coolant. 

For these reasons the heat addition w i l l  be considered the  same for 

both coolant temperatures 

From preliminary calculations, the 12R loss  

EM pump efficiencies are calculated t o  be between 16 and 20$ i n  

terms of the r a t i o  of hydraulic power output t o  e l ec t r i ca l  power input. 

Taking a mean of 1546 and looking at the hydraulic power requirements shown 

i n  Table 11-1,the t o t a l  plant pump power input is 44 KW f o r  the thermionic 

system and 34 KW f o r  the turboelectric system using lithium as both primary 

coolant and radiator coolsnt. 

heat redection is adequate here . 
Thus a radiator nominally sized f o r  20 KW 

Other pertinent assumptions were : a )  the recirculation requirements 

f o r  the auxiliary coolant loops must be @ of the main loop f l o w  and b) 
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the regenerative heat exchanger handles 10 times the heat rejected a t  

the auxiliary radiator with a heat exchange effectiveness of 85$. 

To provide fo r  simple evaluation of the pump cooling item i n  present 

preliminary work a rough estimate w a s  selected of 2 lb./KW heat rejected 

fo r  UW0F cooling and 4 lb/m for 6WOF cooling based on an average of 

Table 111-8. 
The four system arrangements for pump cooling were: 

1. Independent coolant loop and radiator with the 

recirculation pump driven by the  turbogenerator 

shaft. 

2. Independent coolant loop and radiator with the 

coolant driven by an a l l  e lec t r ica l ly  powered EM 

PUP * 

3 .  Radiator loop f lu id  bled from a radiator loop EM 

pump and cooled by an auxiliary radiator and re- 

generative heat exchanger. 

4. Two phase cooling by the  refluxing or  Superfin 

Here the  weight flow of coolant i s  principle. 

drast ical ly  reduced by employing the la ten t  heat 

of vaporization of the alkali metal coolant. No 

pump i s  required since the vapor moves from hot 

t o  cold surfaces by vir tue of the volume change 

associated with the  phase change. 

returned t o  the hot surface by wick action. 

Condensate is  
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The Superfin cooling system is now under development at General 

Electr ic  - Evemlale by Space Power and Propulsion Systems. 

t o  date are sufficiently promising t o  warrant i t s  consideration in  th i s  

study. A sketch of the system is s h m  in Figure E-1 as it might be 

applled t o  EW pum~ cooling. 

Results 

3. Power Conditioning : 

There was a need f o r  an approximate weight value f o r  power 

conditioning equipent.  

basic equipnent weight, the power losses associated w i t h  the  cunponents and 

Study of this i t e m  included consideration of the 

the w e i g h t  penalties incurred i n  dissipating the losses t o  maintain acceptable 

canponent temperatures. The w e i g h t  penalties then assigned t o  power 

conditioning w e r e  5 lb/W f o r  D.C. power input in the thermionic pover plant 

when converting t o  ei ther  A.C. o r  low voltage D.C. and 2 lb/KU for the 

frequency changer i n  the  turboelectric power plant. 

4. Power Factor 

Another source of w e i g h t  increase associated w i t h  the A.C. pumps is 

the  effect  of low power factor. The additional current capacity required 

t o  supply the reactive KVA or  WAR in satisfying a law power fac tor  load 

results i n  additional weight for all items handling the A.C. current. An 

estimated w a i g h t  penalty of 1 lb./KVAR was assigned t o  t h i s  item. 

5. Miscellaneous 

In addition t o  the major w e i g h t  items of power supply and EM 

pump coolieg several other contributions t o  pumping system w e i g h t s  must be 

recognized. 

shielding f o r  the power coraditioaing equfplaent and the w e i g h t  of cabling. 

Two items not previously discussed were separate or  extra 
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This l a t t e r  i t e m  is  assumed negligible at t h i s  point of the study and 

would only became s i @ f i c s n t  i n  a case where l o w  voltage power were 

required i n  a situation that precluded short conductor lengths from P.C. 

equipnent t o  pump. Wkewise, the w e i g h t  of extra shielding is  being - 

ignored at this time primarily because such power system design work 

is  beyond the  scope of this progrm. 

6, Wei- Penalty Srmrmary 

In order t o  f a c i l i t a t e  the estimation of pumping system weights, 

a tabulatia of a l l  weight penalty items identified t o  date was prepared. 

The information is presented i n  Table 111-7. As other items are  

identified,  they will be added t o  the  list, I 
I 
I 
I 
8 
I 
8 
1 
I 
8 



TABU 111-7 

EM PUMPING SYSTEM WEIGBTS 

Weight Penalty 
Thermionic System Turboelectric System I t e m  - 

System Electric Power - lb/KW used 
(from main bus bar) 9 

Power Conditioning - lb/Kw output 5 

4 

-12000 2 

1 

Neglect 

Neglect 

Pump Cooling - lb/Kw Heat Rejected -6000 

10 

2 (Freq. change only) 

4 

2 

1 

Neglect 

Neglect 

Pmer Factor - lb/KVAR 
Power Conditioning Shielding 

Power Cable Weight 
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F. Reliabi l i ty  Considerations 

1. Introduction 

The strongest vir tue of the EM pump f o r  alkali metals systems is an 

Simplicity contributes most in providing inherently high re l iab i l i ty .  

the high re l iab i l i ty .  Other factors  are: few parts or canponents, 

no moving parts  and no bearings or seals. However, EMpurmps of certain 

types have failed i n  service in the past. These failures serve t o  point 

up cer ta in  r e l i ab i l i t y  problems that must be considered in p m p  selection 

and design. 

2. Relative Rel iabi l i ty  

In the  initial selection of EM puurp types, r e l i ab i l i t y  comparison has 

served as a guide. 

of fa i lure  have been the key considerations. 

is given belaw: 

Here the number of f a i lu re  mechanisms and the  severity 

A review of these considerations 

a) LOSS of pump c o o l m  would adversely affect  any of the pumps by 

increasing co i l  r e s i s t i v i t i e s  and reducing magnetic material 

performance. Huwever, the polyphase configurations would be most 

susceptible because of greater complexity of co i l s  and e lec t r ica l  

insulation systems and because of t h e i r  closer location t o  the hot 

duct. 

b )  Interruption of flow in the duct is most damaging t o  the conduction 

type of puu@ because of the high 12R heat concentrated at the duct-to- 

bus connection. 

and usually resu l t s  i n  duct leakage at the electrode connection. 

This type of fa i lure  is common in conduction pumps 
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c )  Pressure fluctuations on the  f lu id  side of the  duct can fatigue 

the  duct. The duct configuration most susceptible i s  tha t  of the 

f l a t  induction pmp where the  mechanical arrangement is  inherently 

poorly suited t o  good duct wall s tab i l i ty .  

pumps w i t h  f lat  ducts must a l so  f a l l  i n t o  t h i s  problem. 

a l so  be recognized here that the  types of pumps which operate on 

single phase power generate considerably greater pulsation in  the i r  

developed head than do any of the other types of pumps. 

Very large conduction 

It should 

d )  Overpressure inside the duct i s  not a serious threat  t o  any but 

t he  moving magnet pmps since the ducts can readily be designed t o  

accept, within allowable deformation l imits,  the same pressure as 

other components i n  the loop. However, the moving magnet pump duct 

is more d i f f i c u l t  t o  support and, if deformed, w i l l  probably interfere  

with the rotor,thus causing pump fa i lure .  

e )  Overtemperature i n  the pumped fluid, probably applicable only t o  the 

primary coolant, would reduce the performance and l i f e  of a l l  types of 

pump. 

and fa i lure  would most l ike ly  involve loss of main system f luid.  

However, the conduction pump would be most immediately affected 

f) Mechanical damage causing misalignment of the  rotor would be most 

Likely t o  occur in the moving magnet pump due t o  the weight and 

complexity of the  rotating magnetic structures. 

pexxoxmmce demands a close clea.rance between the rotor  and duct wall 

it, is probable that duct damage and leakage would ensue. 

Since good pump 
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g)  Bearing lubricant or sea l  fa i lure  i s  applicable only t o  the moving 

magnet pumps and the failure mechanism is  obvious here. 

From the above it would appear that the  single phase pump has, potentially, 

g o d  r e l i ab i l i t y ;  however, it must be recognized tha t  single phase pumps axe 

re la t ive ly  unknown. No operating experience is  available t o  guide the r e l i a b i l i t y  

analyses. 

r e l i a b i l i t y  standpoint 

Nevertheless, the single phase pump does look prasaising fran a 

I n  addition t o  providing a guide for selection the foregoing analysis a l so  

points up those areas of weakness where design and developnent can mitigate 

or even eliminate the weakness. For example the development of an insulation 

system allaring the polyphase pump windings t o  re ject  heat t o  the  l200* duct 

f lu id  would substantially imprave re l iab i l i ty .  

Further development of t h i s  analysis is  now underway and w i l l  be guided 

toward selection and analysis of other failure mechanisms, identification of 

those pump types which offer  best - resistance t o  the various f a i lu re  mechanisms 

and suggestions f o r  design and developnent work t o  improve the problem areas. 
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G, Pump Selection and Design 

1. Introduction 

Selection of the  optimum pump type f o r  each application and the 

design of the specific pump t o  be applied w i l l  be based on the  foregoing 

considerations presented in  Sections A through F. 

importance a re  the power supply, the weight penalties and other power 

plant integration input and r e l i a b i l i t y  ratings,  

selected must necessarily be viewed as the  principle component i n  a 

pumping system which in  turn i s  a part  of the  overall  power plant. 

Of particular 

The pump t o  be 

2. Pump Weight Improvement 

Several preliminary pump designs have been presented in  Quarterly 

Progress Report No. 2 and i n  the following pages of t h i s  report. 

design information included estimated weights a s  well as pumping 

capability and efficiency, 

one, was t o  compare the weights and efficiencies of the new designs w i t h  

tha t  of existing EM pu~xps. 

sufficient data were available for such a comparison. 

basis  for Comparison of the many different  pumps was needed. 

The 

A logical next step, and a highly interest ing 

A number of pumps were found for which 

However, a 

1% had been observed that i n  EM pumps designed on a consistent 

basis  a fairly ccnstmt correlation exists between the  weight of 

the various w p s  a& a parameter given by the  product of f l o w ,  

developed pressure and f lu id  e l ec t r i ca l  res i s t iv i ty ,  

has been designated the pump capabili ty parameter. 

which correlation can be obtained with this parameter among pumps of 

wide127 varying capacities is  i l l u s t r a t ed  i n  Figure (2-1. 

This parameter 

The degree t o  
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o Flat Induction pumps, conventional 

+ Helical Induction pumps, conventional 

x Helical Induction pumps, Flight Type 

Annular Induction pumps, Flight Type 

0 Single Phase & Induction, Flight Type 

D DC Conduction pump, Flight Type 

2 
-0 

1. 

Flow x Head x Resistivity, PCP * 

1000 I 9pm x PSI x MICRO-OHM-INCHES 
*PCP - Pump Capability Parameter = ( 

Figure E l  EM Pump Weight Improvement 
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In Figure G - 1  the r a t i o  of PUmP weight t o  t h i s  capability 

parameter I s  plotted sgainert the capability parameter f o r  a dozen 

induction pumps designed during the past 10 years and for s ix  

designs developed during the course of' t h i s  study. 

( 0 )  represent f la t  induction puarps, and the  crosses (+) represent 

he l ica l  induction pumps of prior  construction. 

square (a), the 6 and the  D, respectively, represent he l ica l  

induction, annular induction, single phase induction and D.C. 

conduction pump designs developed during th i s  study. 

pump ratings shown on the chart are indicated i n  Table 111-8. 

k n y  of the  pumps in  t h e  group numbered 1 through 13 have operated 

tens of thousands of hours. 

standing r e l i ab i l i t y  and have required no maintenance. 

The c i rc les  

The x ' s  (x), the 

The specific 

These pumps have demonstrated out- 

The observed correlation may be rationalized in the following 

manner. Assume a particular induction pwmping configuration 

w i t h  a magnetic f i e l d  of fixed peak amplitude moving at a fixed 

synchronous velocity. low when various inducting f lu ids  pass 

through the ptaap duct a t  a fixed velocity less than the  velocity 

of the moving magnetic field, each f lu id  experiences a pressure 

r i a e  Inversely proprtisnral  ts i t a  e l ec t r i ca l  res i s t iv i ty .  

Accordingly, since the  f l o w  i r a  the same for a l l  fluids f o r  the 

aorPumed csnditions, the product of flow, pressure, and e lec t r i ca l  

r e s i s t i v i ty  is constant fo r  a l l  the f luids .  Thus, it may be said 

that the  assumed pumping configuration hsls a capabili ty related t o  

the product of these three qual i t ies :  pressure, f l o w  and 
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electr ical  res i s t iv i ty .  The weight of the pump, therefore, is  

also a function of t h i s  same parameter. 

wt = fl (P QP> or  Where: 3 
W t  P G  = f2  ( P Q Y )  Q = Rated Flow 

= Weight of Pump 
= Rated Developed Pressure 

,@ = Fluid Resis t ivi ty  
f1, = function of 
f2 

This neglects such significant variables as f lu id  temperature, 

density, viscosity, etc.  Hence it should be used with care, 

particularly i n  comparing pumps f o r  fluids: with widely differ ing 

characteristics, or  where the hydraulic requirements a re  highly 

dissimilar or where the pump design objectives and applications are 

substantially different .  The order of magnitude difference between 

the  two groups of pumps represented by the two curves of Figure 0-1 

i l l u s t r a t e  t h i s  last point, A substantial  difference ex is t s  

between the  two groups with regard t o  both design objectives and 

pump application. 

The 1 O : l  weight reduction has been brought about by the  

v i r tua l  elimination of the  pump frame, by the  use of higher current 

and flux densit ies i n  the active portions of t he  FLUUPS and by the  

use of a high temperature magnetic material providing a magnetic 

flux path i n  the duct bores. 

The configuration chosen f o r  designs f o r  space application 

are cylindrical i n  form, permitting optimum ut i l iza t ion  of material 

from a pressure containment viewpoilzt, thereby making it feasible  

t o  minimize the  inactive materials used f o r  structural purposes. 

The potential of t h i s  approach t o  weight minimization i s  i l lus t ra ted  

by the EM pumps used i n  the  Submarine U.S.S. Seawolf i n  which 
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only 22$ of the pump weight was act ive magnetic or  conducting 

material. 

Current densit ies i n t h e  designs proposed f o r  spice appli- 

cations a re  approximately 4000-5000 amperes per square inch as 

compared t o  250-3500 amperes per square inch in ea r l i e r  designs. 

Flux densi t ies  i n  EM pumps a re  usually l o w  because of the large 

air gaps, par t icular ly  in high temperature he l ica l  induction puups 

of the  type instal led i n  heat t ransfer  loops a t  the  Space Power 

and Propulsion Section. I n  t he  designs proposed f o r  space appli- 

cations, flux densi t ies  of about 90,OOO l i nes  per square inch are 

used i n  the  magnetic material as compared with flux densi t ies  in 

t h e  order of 40,000 l ines  p r  square inch in earlier pumps. 

The use of a magnetic core in the  s ta tor  bore, as complred 

t o  t h e  nonmagnetic core construction used in the he l ica l  pumps 

presently i n  service at the Space Power and Propulsion Section, 

permits substantial  reductions in  s ta tor  conducting and magnetic 

material . 
3. D.C. Conduction Fump Desim 

As a first trial of the  D.C. pump design and performance 

prediction methods a D.C. conduction pump was designed f o r  the 

turboelectric condensate boost application. 

pump has already been designed f o r  t h i s  application, thus permitting; 

d i r ec t  comparison . 

A hel ica l  induction 
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The pump is illustrated in  Figures 0-2 and G - 3 .  The comparison 

to the induction pump is  shown i n  the next section under "Pumping 

System Weights". A detailed description of the D.C. conduction 

condensate boost pump follows: 

Liquid pumped potassium at 1200°F. 

%at at entrance t o  pump - 10 f t . ,  2.98 ps i .  

Head r i s e  developed by pump - 100 ft . ,  29.8 psi .  

Flow - 1.5 lb.sec. ,  0.03495 CU. f t . / eec . ,  15.70 @./mine 
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Characteristics of Principal Materials a t  EOOOF are as follows: 

Potassium Density = 42.94 lb/cu f't = 0.0248 lb/cu in. 

PotaSSiUm Viscosity = 0.350 lb / f t .  -hr 

Potassium Resistivity = 23*6 x 

Copper Resistivity at  l 2 W F  = 2.37 x 10-6 ohm-in. 

Copper Density = 0.32 lb/cu. in. 

Iron Density i n  magnetic c i r cu i t  = 0.28 lb/cu. in. 

Stainless Steel Density in  duct = 0.29 lb/cu. in. 

Stainless Steel Resistivity i n  duct = 43 x 

ohm-in. 

ohm-in. 

The attached sketches show t h e  proposed arrar-gement of duct, magnetic 

c i rcu i t ,  and e lec t r ica l  conductors, with some of the  major dimensions. 

The pumping duct and diffusers are  of nonmagnetic s ta inless  s teel ,  

0.020 in. thick. 

high inside. 

duct t o  a circular  cross section 2 in.  i n  diameter inside. One fringe 

current baffle, or sp l i t t e r ,  i s  located in  each diffuser.  

The duct is 3 in .  long, 1.5 in. wide and 0.134 in .  

The diffusers are each 4 in.  long, joining the  rectangular 

The magnet gap is 0.180 in. high t o  allow a small clearance f o r  t he  

duct with thin sheets of bsu la t ion  on the outside, 1.5 in .  wide, and 

uniform over a distance of 3 in .  w i t h  3/4 i n ,  extensions on the  pole 

pieces t o  provide a tapered fringing f i e l d  at each end of the duct. 

The magnetic c i rcui t  has a cross section of 1.5 in.  by 3.0 in. through- 

out, and encloses a window just  large enough t o  contain the  copper 

conductors w i t h  a small clearance. 

The electrodes are  copper plates  welded o r  brazed t o  the edges of the 

duct. The electrodes a re  3 ir,. long, 0.134 in. thick and 0.687 in.  wide. 
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The current c i rcui t  i s  divided into two para l le l  c i rcu i t s ,  one 

encircling each pole, t o  apply the magnetomotive force t o  the  

gap as symmetrically as possible. 

rectangular cross section, 5/8 in. wide by 7/16 in. high. 

conductors completely encircle the poles once and a re  connected t o  

the  electrodes so tha t  the electrode current effectively gives an 

additional half -turn. 

The copper conductors are  of 

The 

The calculated characterist ics f o r  t h i s  DC conduction pump are: 

Liquid pumped - Potassium at 1200OF. 

Inlet  pressure - 2.98 psi .  

Velocity head at entrance to duct - 2.89 ps i  

Net pressure r i s e  - 29.8 ps i  (100 f t .  head) 

Flow - 15.70 gpm 

Current - 2270 amp. 

Terminal voltage - 0.492 vol ts  

Input power - 1120 watts. 

Output hydraulic power - 203 watts. 

Efficiency - 18.1$ 

Total weight - 18.2 lb., consisting of 

Iron weight - 13.9 lb, 

Copper weight - 4.0 lb . 
Duct and diffuser weight - 0.3 lb. 

Conductor and electrode power loss - 333 watts 

Duct liquid e l ec t r i ca l  power loss  - 92 watts 

Fringe current power loss - 191 w a t t s  

(10 f t .  head) 

(9.7 f t .  head) 
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Duct w a l l  current power loss - 268 watts 

Hydraulic power loss in duct and diffusers - 16 w a t t s  

Additional e lectr ical  power loss i n  duct due t o  the distortion 

of duct current by liquid flow - 17 watts. 

Total parer loss - 917 w a t t s  

Flux density across duct 

at entering end - 73.7 k./sq. in. 

at center - 55.3 kl/sq. in. 

at  ex i t  end - 36.9 kl/sq. in. 

(neglecting distortion effects  caused by liquid flow) 

Flux density i n  magnetic c i rcu i t  (approx.) - 90 kl/sq. in. 

Current density in conductors - 4150 amp./sq. in. 

Current density in  electrodes a t  duct w a l l  - 5650 amp./sq. in. 

Current density in duct liquid between electrodes - 2350 amp./sq. in. 

Duct current - 946 amp. 

Fringe current - 550 amp. 

Duct w a l l  current - 774 amp. 
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4. Single Phase Induction Pwnp Design 

The most promising pump type for  the primary coolant application 

i s  the single phase induction pump 

The design i s  intended t o  meet the  

the thermionic power plant primary 

Fluid - 1700°F lithium 

Flow - 40 lb/sec 

Inlet  Pressure - 10 psia 

Pressure Rise - 6 ps i  

Efficiency ( E s t  ) - 
Weight ( E s t )  - 250 

The primary advantage 

the coil. In  the design 

i l lus t ra ted  i n  Figure G-4. 

design point requirements of 

coolant pump : 

of t h i s  configuration i s  the  simplicity of 

shown the c o i l  i s  made of tubing through 

which a coolant i s  passed. 

isolated, thermally, from the hot duct. 

duct are re la t ively complicated but readily manufacturable. 

mechanical support structure or  containment envelope i s  shown on 

t h i s  design. 

support. However, some additional cooling may be required fo r  t he  

laminated core and s ta tor  punchings. 

being analyzed t o  determine performance characterist ics.  

The c o i l  i s  so located that it i s  easily 

The magnetic structure and 

No 

The magnetic structure and duct a re  adequate f o r  

The design shown is presently 

5. Boiler Feed Pump 

Although not specifically named i n  the  work statement a boi ler  

feed pump application looks very promising f o r  the Rankine cycle turbo- 

e lectr ic  system. T h i s  ins ta l la t ion  would be the prime-mover f o r  the  
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condensate t o  the boi ler  and would replace the ea r l i e r  

concept of a canned rotor  pump and EM pump booster 

comb inat i on. 

In analyzing the boost pump described above it became 

evident a hel ical  induction EM pump could readily perform 

the complete task of feeding condensate t o  the  boiler.  A 

supplementary boost pump would be precluded and the  highly 

rel iable  induction EM pump would be applied t o  the  en t i re  

pumping job if it possesses adequate cavitation characterist ics.  

The pump requirements were derived from the flow specified 

f o r  the boost application plus the boi ler  pressure demands of 

a typical turbogenerator power plant . Consequently, the design 

selected was 15.5 gpm at 100 ps i  developed head. The resultant 

design is  i l lus t ra ted  i n  Figure G-5. 

the length, 2 1  inches; the t o t a l  weight, lo5 pounds. Again, 3 

phase 60 cycle power i s  employed. 

uses 5 kw of power at 5@ power factor  with a 5 6  s l ip .  

a l l  efficiency i s  approximately *. 
canned motor pump with j e t  suction boost f o r  a similar 

application, the  EM pump i s  at t ract ive.  

The diameter i s  6.5 inches; 

The pump, a two pole machine, 

Over- 

Comparing t h i s  pump t o  a 

Below is  the  comparison 

based on infdrmation out of the AEC-SNAP 50 Office: 
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Coolant In 

I Winding Cavity G a s  

I Helical Flow Passage I I I 
I 

3/4" Tubing 
Thermal Insulation I 

Coolant Tubes 

1200OF Potassium 
15 .5  GPM 
100 PSI Dev. Head 
2 Pole ,  3 Phase, 60 CPS 
5 KW, 0 .5  PF 
E s t .  W t .  = 105 Lbs. 

Figure 6 5  Helical Induction Boiler Feed Pump Turboelectric 
System 
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Canned Motor W/Jet Boost 

b P  SNAP-50 Scaled To 
Boiler Feed Size EM Pump Size 

Flow 3.5 PPS 2 PPS 1.5 PPs 

Head 100 ps i  100 ps i  100 p s i  

Weight lo5 lb.  150 lb .  112 lb. 
(excl e penalties ) 
Power lOKVA, 60& gWA, 400m 7WA, 400N 

Reliability Good Fair  
17$ 
Fair  

Efficiency 17$ 

Those materials selected f o r  the two designs shown i n  Quarterly Progress 

Report No. 2 are a l so  used here. Generally, t he  arrangement and configuration 

approximate those of the boost pump. The i n l e t  nozzle design, however, has 

been improved hydraulically. The flow exi t  from the  he l ica l  section i s  

cleaner, the  end turns have been shortened, and concurrently, the  s t a to r  

cavity has been reduced. To provide a secondary barr ier  against leakage, 

the thermal insulation i s  completely canned. 

6. Pumping System Weights 

Taking the information accumulated i n  past reports as well  as t h i s  one, 

a preliminary tabulation of a l l  the pump designs presented t o  date and the 

corresponding pumping system weights a re  given below. 

a ) Condensate Boost Application 

Pump Characteristics 
Hel. Ind. C-C Cond. 

Flow - PPS 1*5 
Head - p s i  30 
Power - Kw 1.6 
Weight - lb. 35 
Efficiency - 6 13 
Slip - $ 50 
Power Factor - $ 50 
WAR 2 .a 

1.5 
30 
1.1 
18 
18 
I - 
I 

1 
8 
1 
I 
1 
1 
I 
I 
I 
I 
1 
I 
8.  
I Turnping System W t  e - l b  

Hel. Ind. D-C Cond. 

No. Pumps 
pump w t .  140 4 72 " 
Power Penalty 75 5T 

22 I P.C. w t .  13 
Cooling W t  : 

6 0 0 ~  13 - 

Power Fac. Penalty 11 7 ' B  l 2 O O F  

Total F52 15 5 

-108- 
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b) NaK Radiator Application 

pump Characteristics Pumping System Wt . - lb. 
Ann. Ind. Ann. Lrd. 

Flow - pps 
Head - psi 
Power - KW 
Weight - lb. 
Efficiency - dp 
Slip - 4 
Power Factor - $ 
WAR 

6 No. Pumps 16 
25 Pump wt. 1360 
6.4 Pwr. Penalty I210 
85 P.C. wt. 205 

50 6 0 0 ~  2 05 

10.8 Total -3% 

11 Cooling IJt . : 
51 Pwr. Fac. Penalty 172 

c) Li Radiator Applications 

Pump Characteristics Pumping System Wt . - lb. 
Ann. Ind. Ann. Ind. Hel. Ind. Ann. Ind. Ann. Ind. Hel. Ind 

Flow - PPS 8 
Head - psi 20 
Power - KW 6 
Weight - lb. 85 
Efficiency - $ 15 
Slip - 4 50 
Pwr. Fac. - dp 53 
KVAR 9.7 

2 2 
20 20 
2 02 2.2 
40 48 
I2 I2 

40 
5 1  70 
3.7 2.3 

No. Pumps 4 16 16 I 

pwnp wt. 340 640 768 
Pwr. Penalty 282 412 412 
>P.C. wt. 48 70 70 

6 0 0 ~  4 8 70 70 
Pwr. Fac. Penalty _12 59 37 
Total 757 125j 1357 

Cooling Wt . : 

d ) Primary Coolant Application 

Pump Characteristics Pwnping System Wt. - lb. 
Single Phase Single Phase 

Flow - PPS 40 No. Pumps 1 
Head - psi 6 Pump wt.. 250 - 

Power - KW 21 fir; Penalty 247 
Weight - lb, 250 P.C. wt. 42 
Efficiency - $ 11 Cooling Wt . 
Pwr. Fac - $I 50 (assumed) I2OOF 21 
MlAR 36 €?a. Fac. Penalty 

Total 5% 
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e )  Boiler Feed Pump 

Pump Characteristics 

Hel, Ind. 

Flow - pps 15 
Head - ps i  100 
Power - KW 5 
Weight - lb. 105 
Efficiency - $ E 
Slip - Q 50 
Pwr. Fac. - 4 50 
WAR 8.7 
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Pumping System W t  . - lb. 
H e l .  Ind. 

No. Pumps 4 

Pwr. Penalty 236 
Pump w t .  42 0 

P.C. w t .  40 
Cooling W t  

6 0 0 ~  40 
Pwr. Fac, Penalty 
Total 
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H. T e s t  Program 

1, Introduction 

Included i n  the Phsse I work scope is  the  planning of Phase I1 which 

w i l l  be concerned with manufacture and tes t ing  of the  pump types selected 

i n  t h i s  phase of the  program. 

I n  Quarterly Progress Report No, 2 an outline of a test  program w a s  

presented along with a schematic and description of a test  fac i l i ty .  

Some additional work has been done during the  past quarter, primarily t o  

keep pace with the resu l t s  of pump design work. 

2. Phase I1 Schedule 

As a first  estimate a program involving one pumping application w a s  

scheduled as shown i n  Figure H-1 , It w a s  assumed t h a t  two pumps approximately 

spanning the  required test  range of Table 11-1 would suf'fice. 

time w a s  about 18 months. No endurance tes t ing  w a s  included. 

The elapsed 

To include 

it would require some additional tes t  equipment t o  avoid tying up the  main 

f a c i l i t y .  

As additional pumps are included in  the  program the  tes t ing  time w i l l  

increase i n  d i rec t  proportion since more than one f a c i l i t y  does not seem 

warranted. 

man hours and appropriate overlapping and sequencing so as not t o  add t o  t he  

overall  elapsed time f o r  t h e  program. 

The other elements of the program would be covered by increased 

-1l.l- 



Pump Design 

NASA Review 

pump Mfg. 

NASA-CR-54036 

Months 

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

F a c i l i t y  Des-gn 

NASA Review 

F a c i l i t y  Constr. 

Check-Ou t 

EM Pump Testing 

Figure H-1 EM Pump Program Phase I1 Schedule 
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N. PROGRAMPLANS 

A. Organization 

During t h e  past quarter two project m e e t i n g s  were held t o  review 

the  progress t o  date i n  the various project functions. 

t o  channel a l l  effor t  towards final selection and analysis of pumps t o  

be recumended f o r  continued development. 

summarize the  selection process. 

application i s  needed. 

data accumulated. 

Plans were made 

It will be necessary t o  

Abasis f o r  camparison of pumps f o r  each 

Specific materials m u s t  be selected from a l l  the 

The moving magnet pump requires some additional study. It seems 

unlikely at  this point that a preliminary design w i l l  be warranted, but 

sane allowance w i l l  be made i n  the  schedule fo r  t h i s  eventuality. 

B. Schedule 

A contractual change has been consummated whereby the end date of 

Phase I w a s  extended from June 27, 1964 t o  A u g u s t  3, 19&. 

was involved. 

No additional work 

This  allowed a shift of 5 weeks i n  the  Final Report 

ac t iv i ty  since it is t o  be complete within 30 days of the terminal date. 
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In addition the schedule has some minor changes i n  t h e  a c t i v i t i e s  of 

"Selection and Study" and "F'relhinary Designs" t o  allow f o r  additional 

work t o  be done on the moving magnet pump as described above. 

Program La.yout'' has been shifted since l i t t l e  d d i t i o n a l  work can be done 

u n t i l  the "Second Selection" is  further along. 

in Figure J-1. 

indicates degree of completion of that act ivi ty .  

the bar indicates the unfinished portion of the  schedule. 

portion indicates the changes since the last issue'. 

the overall  degree of progress vs. schgdule, the t o t a l  l e w h  of a l l  bars 

is 53 months, the t o t a l  length of a l l  X portions i s  33 months giving 63$ 

completion. 

Thus the program is  approximately on schedule, even though cer ta in  a c t i v i t i e s  

may be lagging. 

The "Test 

The revised schedule is shown 

The X portion of the bar f o r  each element of the schedule 

The slant l i n t  portion of 

The dashed line 

To gain an estimate of 

Nine of the 13 months have passed o r  6 9  of the a l lo t ted  time. 

C. Projection 

During the coming month the single phase pump design shown above w i l l  

be analyzed and a nuuiber of design calculations f o r  the thermionic primary 

e o o h t  application w i l l  be made in  order t o  approach the optimum. 

A tabular form fo r  sumasLp.izing the pump selection process w i l l  be made. 

Xn the materials area review of the accumulated data f o r  f i n a l  selection of 

p m ~  mater lals w i l l  begin. 

k i n g  the quarter which ends June 27, 1964 ck d-c conduction pump design 

w i l l  be merde for each of the six applications. Helical induction design6 w i l l  

t 
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be made f o r  a l l  but the  primary coolant application and annular induction 

designs w i l l  be made f o r  the radiator coolant applications. 

The selection chart mentioned above w i l l  be completed. Final materials 

selection will be made and the f ina l  pump selections w i l l  be made. 

analysis and performance predictions f o r  the  selections w i l l  begin. 

Final 
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